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This research identifies the well components, operation factors, and the soil and
hydrogeological parameters that influence the recovery of Light-Non-Aqueous-PhaseLiquids (LNAPL) in an heterogeneous environment using pumping wells. The purpose of
this research is to improve the analysis of sites contaminated by LNAPLs to efficiently
recover the feasible amounts of LNAPL in the sites. The focus is on heterogeneous soil
environments.
The model adapted to analyze the recovery of LNAPL from the contaminated
sites was improved to account for a high degree of vertical heterogeneity, including the
vertical variation of one or several of the soil properties within the same layer.
This research also studies the optimization of the recovery of LNAPL for
the system of wells both at the level of one well and a system of wells. The developed
model and method are applied to a real site. Thus, the model’s ability to estimate the
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performance of a system of recovery wells is evaluated using real soil data and
performance measurements.
This research constitutes a robust background regarding the design,
operation, analysis, and optimization of a system of recovery wells in a heterogeneous
soil environment.
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Chapter 1: Introduction
OVERALL PROBLEM
Many activities at the refineries or accidents within the oil industry can result in
leakages that lead to Light-Non-Aqueous-Phase Liquids (LNAPL) presence underground.
Depending on the amount of leakage, if the LNAPL plume is not contained and acted on,
the results can be damaging to the environment.
Light-Non-Aqueous-Phase Liquids (LNAPL) have different physical and
chemical properties than water. LNAPLs act as a distinct fluid within the subsurface and
have a physical interface with water. LNAPLs have a specific gravity less than water and
thus are “Lighter” than water in contrast with DNAPLs that have a specific gravity
greater than water and thus are “Denser” than water. Fuels, as gasoline, diesel, jet A, and
heating oil, and lubricants can be examples of LNAPLs.
A system of wells at a contaminated site can both contain the plume and reduce
the extent of the presence of LNAPL underground. The operation period of the wells
usually goes for several years. A schematic of a pumping well in a soil environment
composed of two soil layers is illustrated in Figure 1.1. The performance of the wells
depends on many factors that can be categorized mainly within three subsets:
1. Soil and LNAPL properties: These properties include parameters that describe the
behavior of the LNAPL in an unsaturated or saturated soil environment. They also
include parameters that describe the soil environment, its heterogeneity, and its
hydrogeology.
2. Well design and operation: The screen length and position (Top and bottom), and
pumping rate.
1

3. Hydrological setting: The main parameter of interest in this context is the water
table level relative to the screen of the well and to the soil layers. The water table
level depends on the boundary conditions of the site.

Schematic of a Pumping Well in a Two-Layer Soil
Environment
Well

Soil Surface
Original Water Level
Well Screen
Water Level after Pumping

Layer 1
Layer 2

Interface between the Soil Layers

Figure 1.1: Schematic of a Pumping Well in a Heterogeneous Soil Profile.
This research aims to improve the analysis of sites contaminated by LNAPLs in
order to efficiently assess the potential recovery. The focus is on heterogeneous soil
environments. The objectives of the research are itemized in the following section.
OBJECTIVES
The research objectives are presented below:
1. Parameterize a multiphase system for application to recovery operations for a
range of operation conditions. Quantify the influence of these parameters 2

including the well components, operating factors, and the soil and
hydrogeological parameters- on the instantaneous response of the system for a
range of operation conditions using a model.
2. Describe the variability in the indicated parameters based on the values
available in the literature at multiple sites.
3. Use measurements from a real site to validate the performance of the
parameterized model.
4. Study how to optimize the recovery of LNAPL for the system of wells both at
the level of one well and a system of wells. The performance of each of the
wells used in the optimization model is based on the instantaneous response of
the well to an indicated LNAPL volume near the well.

SCOPE OF THE RESEARCH
The research results are to be applied to sites contaminated by LNAPLs. These
sites may include refinery areas, gas stations, and storage facilities of light hydrocarbon.
The approach should be applicable for sites located near rivers or lakes or any other
natural water resources as long as the hydrogeology of the site can be modeled. In this
research, a former Amoco Refinery (Sugar Creek) is used as an example application.
However, the results and conclusions from the research are useful in general for the
analysis of LNAPL remediation systems at other sites.
The outcome of the research can be used in many of the stages of the “LNAPL
Management Process” suggested by EPA and outlined below in Figure 1.2. Mainly, this
research fits well in the stages of “determine LNAPL Mobility and Recoverability”,
“Identify, Evaluate and Select Management/Technology Options”, and in “Define
Endpoints”.
3

Figure 1.2. USEPA decision-making framework (USEPA, 2004).
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HYPOTHESIS:
Real soil environments are heterogeneous. Soil heterogeneity influences
extensively the performance of a system of pumping wells. The performance of the
remediation system can be improved by taking into account the following aspects:
•

Quantifying the effect of each of the design, soil, and hydrogeological parameters on
the performance of the recovery system.

•

Identifying the sensitivity of the performance of the recovery system over the ranges
in which the values of these parameters usually vary within a site.

•

Quantifying the influence of the operation of each of the wells (pumping rate) on the
performance of the whole recovery system.

•

Studying how to optimize the LNAPL production using non-linear programming by
incorporating the relationship between the transmissibilities of LNAPL and water,
and the drawdown. The drawdown is a function of the water pumping rate.

The ratio of the rate of LNAPL recovered to the rate of water pumped from a well
is related by a factor to the ratio of the transmissibility of the two phases, LNAPL and
water. The fact that transmissibility can be correlated to the water drawdown allows for
the incorporation of the effect of each of the wells in the recovery system on the other
wells. This analysis can be done using widely available tools and programs including
groundwater simulation models and optimization programs.

OUTLINE OF THE DISSERTATION
The dissertation includes six chapters in addition to this introductory chapter.
Chapter 2 of this dissertation includes a description of the model used to estimate the
potential for LNAPL recovery and the potential for water production.
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Chapter 3 of this dissertation includes a statistical analysis of a database published
online by the American Petroleum Institute (API, 2003). The objective of this chapter is
to grasp a sense on the extent of variability in the parameters used in the LNAPL
recovery model.
Chapter 4 includes a quantitative and qualitative description, and an analysis of
the influence of the variability in the model parameters on the model outcome. Also this
chapter includes a quantitative and qualitative description of the effect of the water level
near a well on the recovery efforts in a heterogeneous soil environment. It also includes
illustrations of the dependence of the calculated potential performance of a well on the
surrounding hydrogeological environment and operation conditions. The content of this
chapter allows the engineer to develop an understanding of the expected performance of
the wells recovery system, the investigation and design components on which major
focus should be directed, and the operation areas of concern. In this chapter, a snap-shot
analysis illustrating the calculated potential instantaneous response of a well for various
water table levels and other parameters is presented.
Chapter 5 includes an evaluation and validation of the model outcomes by
comparing them to performance measurements from a real site (The Lower Refinery
Area). This chapter also includes a description of the Lower Refinery Area.
Chapter 6 illustrates the use of an optimization model in the design and operation
of a system of recovery wells. The Lower Refinery Area is used as an illustrative
example.
Chapter 7 synthesizes the outcome of the previous chapters. It compares the
outcome to the research objectives. It also presents observations and practical guidelines
regarding the design, operation, and analysis of a system of recovery wells based on the
outcome of this research.
6

Chapter 2: Theoretical Background
LNAPL BEHAVIOR IN THE SUBSURFACE ENVIRONMENT
Capillarity in Porous Media
When two or more immiscible fluids occupy the pore space of a porous medium,
the molecules near this interface have greater energy than molecules within the bulk
phase. Minimizing the interfacial area, which act as a membrane under tension,
minimizes the total energy in the system. The fluids have different wettability defined by
the angle between the solid phase and the interface of the two fluids through the wetting
phase. The wetting phase is the phase corresponding to the smaller contact angle and it
preferentially covers the surface. For mineral porous media, water is the most wetting
phase, followed by LNAPL, followed by air. A picture illustrating an example of the
distribution of LNAPL and water in the subsurface is illustrated in Figure 2.1.

Figure 2.1: Example of LNAPL and Water Distribution in the Subsurface (RTDF, 2005).
Capillary pressure is a measure of the difference in the pressure between the
nonwetting phase and the wetting phase. The capillary pressure definition differs between
different references and the same condition can be described as positive or negative
7

capillary pressure in different references. To avoid this confusion, the reader should
recognize that the nonwetting phase is the phase that has excess pressure. In this text,
capillary pressure is defined as the pressure in the nonwetting phase minus the pressure in
the wetting phase. Increasing the capillary pressure displaces LNAPL (the nonwetting
phase) to the smaller pores and thus increases the nonwetting phase saturation.
Decreasing the capillary pressure displaces water (the wetting phase) to the larger pores
and thus decrease the nonwetting phase saturation. The capillary pressure, expressed by
the Laplace equation given below depends on the interfacial energy, contact angle
described by Figure 2.2, and mean radius of curvature (Hubbert, 1953; Laplace, 1806).
Laplace Equation:
2 * σ * cos(θ c )
(2.1) p c =
r
pc = capillary pressure

σ = the surface tension
r = the mean radius of curvature of the interface.

θc = the contact angle measured between the interface and the solid surface
through the wetting face.
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Nonwetting
Phase

Wetting
Phase
θc

Solid Surface

Figure 2.2: Wetting and Nonwetting Phases Contact Angle with the Solid Surface.

Capillary Pressure Curves
Capillary pressure curves, also known as the “characteristic curves” for the soil,
describe the relationship between the capillary pressure and wetting fluid saturation. This
relationship depends on the wetting and drainage history and is different between the
wetting (or imbibition) and drainage paths. This difference is described by hysteresis on
the capillary pressure curves. Capillary pressure curves are an important characteristic of
porous mediums (Hillel, 1980).
There are many mathematical models used to describe the capillary pressure
curves. These models express the curve in mathematical forms suitable for quantitative
analyses. The van Genuchten model is commonly used because it has a continuous
derivable mathematical expression. It is usually fitted to the primary drainage curve
which provides a measure of initial displacement of wetting phase by nonwetting phase.
The van Genuchten (van Genuchten, 1980) model fitted to the primary drainage curve
has the following expression:
9

(2.2)

(

S e = 1 + (α * hc )

)

N −M

Where:
hc is the capillary pressure head.

α and N are the van Genuchten parameters.
(2.3)

M = 1 − 1 / N ; N > 1, if the Mualem (Mualem, 1976) model is used, and

(2.4)

M = 1 − 2 / N ; N > 2, if the Burdine (Burdine, 1953) model is used.

(2.5)

Se is the effective wetting phase saturation given by:
S − S Wr
Se = W
1 − SWr
Where:
SW is the wetting phase saturation.
SWr is the wetting phase residual saturation at which the wetting
phase is no longer continuous for flow.

The main van Genuchten parameters are α, N and SWr. These parameters may be
used to characterize the soil texture and describe the pore size distribution. The α
parameter describes the largest pore sizes in the medium and a smaller α corresponds to
smaller largest pore sizes. The parameter N describes the range in pore sizes in the
medium and a smaller N corresponds to wider ranges. Figure 2.3 illustrates an example of
the van Genuchten equation fitted to measurements of capillary pressure versus saturation
on an air-water system. The corresponding van Genuchten parameters are indicated on
the figure.
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Figure 2.3: Example of a Capillary Pressure Curve Using the van Genuchten Model.
Air-water systems are usually used for the measurements of capillary pressure
curves. The van Genuchten parameters can be scaled to account for different fluid
combinations as discussed in the “Model Formulation” section.

MODEL FORMULATION
The model used in this research is based on the same theories used in the
development of the “American Petroleum Institute, LNAPL Distribution and Recovery
Model (API_LDRM)” developed by Charbeneau (Charbeneau, 2006).
The new adapted model is given the name of “Heterogeneous Environment
LNAPL Recovery Model (HELRM).” Calculations are performed using Excel® as the
11

interface, and visual basic macros are used to perform the main calculations and
integrations required. The macros used to perform the calculations are attached in
Appendix A.
The main new capabilities of HELRM include:

•

Vertical heterogeneity till up to fourteen different layers with different thicknesses
and properties.

•

Vertical heterogeneity within each of the layers. HELRM allows the
specifications of different properties for the top and bottom of each layer. In this
last case, the value used for each property is a linear interpolation between the
values of this property at the top and bottom of the layer.

•

The use of the volume of LNAPL in the formation as an input parameter instead
of the LNAPL thickness at the well.

•

The ability to run different scenarios in the same run and to compare the results.

The formulation presented below is based on the schematic presented in Figure
2.4. This figure illustrates the relative elevations of the LNAPL and water and helps
visualizing the definition of some of the terms used in the formulation. Figure 2.4
describes the capillary pressure distribution, regardless of the soil texture, under
equilibrium conditions.
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Zmax
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Zaw
bn

Znw

Figure 2.4: Reference Schematic for the Model (HELRM) Formulation.
The terms illustrated in Figure 2.4 are defined as follows:

•

Zan is the elevation of the air-LNAPL interface in the well.

•

Znw is the elevation of the LNAPL-water interface in the well. At this elevation,
the capillary pressure Pc[nw] is equal to zero. The capillary pressure Pc[nw] is
defined below.

•

Zaw is the elevation of the water table if no LNAPL were present. At this
elevation, the water pressure is atmospheric.

•

bn is the thickness of the LNAPL layer in the monitoring well.

•

Pc[nw] is the capillary pressure between the nonwetting phase (LNAPL) and
wetting phase (water). Pc[nw] is given by the following formula:
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(2.6)

Pc[ nw ] = Pn − Pw = (ρ w − ρ n )g ( z − z r1 )
g is the universal gravitational constant.
Pn is the pressure in the nonwetting phase.
Pw is the pressure in the wetting phase.

ρw and ρn are the wetting and nonwetting phase densities, respectively.
zr1 is reference elevations at which the pressures in the nonwetting and
wetting phases are the same and thus the capillary pressure is zero.

•

Pc[an] is the capillary pressure between LNAPL and air phase (water). Pc[an] is
given by the following formula:

Pc[ an ] = Pn − Pa = (ρ n )g ( z − z r 2 )

(2.7)

Where zr2 is reference elevations at which the pressures in the LNAPL and
air phases are the same and thus the capillary pressure is zero.

LNAPL Specific Volume
The LNAPL specific volume, Dn, is a measure of the amount of LNAPL present
in the formation. Dn is determined by the integral of the area under the LNAPL saturation
curve and is given by the following formula:
z max

(2.8)

Dn =

∫n∗S

n

( z ) ∗ dz

z nw

Where:
n is the soil porosity.
Sn(z) is the LNAPL saturation at an elevation z.
Znw and Zmax are the elevations at the LNAPL-water interface and the
maximum LNAPL elevation, respectively.
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The LNAPL specific volume, Dn, is reflected by the observed LNAPL thickness
at a nearby well. The LNAPL thickness at a nearby well depends on the soil and
hydrogeological environment. The LNAPL thickness at a nearby well is not by itself a
measure of the LNAPL quantity in the formation. It is an indicator and its accuracy relies
on the accuracy of the information available about the soil and hydrogeological
environment and on vertical equilibrium. On the other hand, Dn is an expression of the
LNAPL quantity in the formation.
Not all the LNAPL available in the formation is recoverable. When the LNAPL
saturation reaches a certain value called residual saturation, more pumping from the wells
will not retrieve more LNAPL from the formation. The recoverable LNAPL is the
LNAPL present at a saturation that exceeds its residual saturation. The recoverable
LNAPL volume, Rn, is given by the following formula:
z max

(2.9)

Rn =

∫ n ∗ (S

n

( z ) − S nr ( z )) ∗ dz

z nw

Where:
n is the soil porosity.
Snr(z) is the residual LNAPL saturation at an elevation z.
Znw and Zmax are the elevations at the LNAPL-water interface and the
maximum LNAPL elevation, respectively.
The LNAPL specific volume, Dn, and the recoverable LNAPL specific volume,
Rn, are both illustrated in Figure 2.5. Rn is the area shaded with the blue inclined lines. Dn
includes both the areas shaded with blue inclined lines and red horizontal lines.
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Homogeneous Soil: Saturation Profiles
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Figure 2.5. Illustration of the Definitions of Dn and Rn.

The LNAPL Profile
The LNAPL distribution in the formation, the water table level relative to the soil
interface in a heterogeneous soil profile, and the “van Genuchten” properties of the soil
are the main factors that determine the LNAPL thickness in the well. Thus, the LNAPL
thickness in the well which is measurable can be used to determine the LNAPL
distribution in the formation. In this case, the calculated LNAPL distribution in the soil is
mainly a factor of the LNAPL maximum thickness in the well, the water table level
relative to the soil interface in a heterogeneous soil profile, and the “van Genuchten”
properties of the soil. Other soil properties influence, but to a less extent, the calculation
of the LNAPL distribution in the soil. The LNAPL thickness at the well, in addition to
the capillary pressure curves, form the basis for the calculation of the LNAPL saturation
16

distributions in the formation (Charbeneau, 2006; Farr et al., 1990; Lenhard and Parker,
1990). If the observed LNAPL thickness at the well is to be determined given the LNAPL
specific volume in the formation, an iterative searching approach should be used. In other
words, many LNAPL thicknesses at the well would be assumed and the corresponding
LNAPL specific volume determined until the target LNAPL specific volume be found.
The corresponding LNAPL thickness at the well is the sought answer.
The Leverett Assumptions (Leverett, 1941) indicate that within a three-phase
fluid system:
1. The capillary pressure between the water and NAPL phase depends only on the
water saturation.
2. The capillary pressure between the NAPL and air phase depends on the total
liquid saturation (water plus NAPL).
In other words, the water saturation and the capillary pressure between the water
and LNAPL phase are related. Also, the total liquid saturation and the capillary pressure
between NAPL and air phase are related. These assumptions are the base for the
calculation of the water and total saturations based on the capillary pressures.
The process of determining the LNAPL distribution in the soil consists mainly of
the following steps:

•

Determine the fluid levels at the well: The flow into or out of the well is due to the
adjustment of the levels of LNAPL and water in the well to become in equilibrium
with those in the formation. Hydrostatic conditions correspond to the state where
equilibrium exists between the vertical pressure gradient and gravity in each fluid
phase. No vertical flow corresponds to the hydrostatic conditions. Assuming
hydrostatic conditions within the well, the fluid levels at the well are:
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(2.10)

Zan – Zaw = (1-ρr)*bn

(2.11)

Zaw – Znw = ρr*bn
Where (bn) is the LNAPL thickness in the well, and Zan, Zaw, and Znw are the level
of the interfaces between air-LNAPL, air-water, and LNAPL-water, respectively.

ρr is the ratio of LNAPL density to water density.
•

Calculate the capillary rise in the formation based on the maximum LNAPL thickness
at the well bn(max). The capillary rise is the highest elevation of free LNAPL due to the
LNAPL thickness at the well. This elevation corresponds to the point where the
LNAPL saturation is equal to the residual LNAPL saturation. In other words, above
the capillary rise elevation the LNAPL is no longer mobile. The capillary rise, Zmax, is
given as:

(2.12)

Z max =

α an * Z an − α nw * Z nw
(Charbeneau, 2006)
α an − α nw

With α an and α nw defined below.
This equation depends on the van Genuchten properties of the soil. The van
Genuchten

α

depends on the fluid combination. If α

air-water system, then α

is measured for an

should be scaled for an air-LNAPL system and a

LNAPL-water system, when needed, using the equations below. If there is neither
significant shrinkage nor swelling in the soil for the change in the fluid
combinations, then the van Genuchten parameter N, which depends on the pore
size distribution, will not change for the different fluid combinations. The scaling
of the van Genuchten parameters allows the interface between wetting and
nonwetting fluids to be located within appropriate pore size, regardless of the
fluid-pair combination. The scaling equations for α are:
(2.13)

α an =

σ aw
*α
σ nw
18

(2.14)

α nw =

σ aw
*α
σ an

Where σ aw , σ nw and α are the air-water surface tension, the LNAPL-water surface
tension, and the van Genuchten parameter, respectively.
•

Calculate the LNAPL distribution using the effective water distribution, the effective
total liquid distribution, the residual LNAPL distribution, and the residual water
distribution. The residual water and LNAPL distribution can be assumed to be
constant within each of the saturated and unsaturated zones of the formation for each
soil layer. LNAPL is recoverable if it is present at a saturation exceeding residual.
The LNAPL saturation at a level z is given by the formula below.

o Below the air-LNAPL interface the total liquid saturation is one and the
LNAPL saturation, So, is given as:
(2.15)

So = 1- Sw = 1 - Swr – (1- Swr – Snr) * Se(w)
Where Sw is the water saturation
Swr is the residual water saturation
Snr is the residual LNAPL saturation
Se(w) is the effective water saturation
Se(w), the effective water saturation, depends on the water-LNAPL head

(2.16)

and is given by
S e[ w] ( z ) = (1 + (α nw * ( z − z nw )) N ) − M
Where N is the van Genuchten parameter, and

(2.17)

M = 1 − 1 / N ; N > 1, if the Mualem (Mualem, 1976) model is used, and

(2.18)

M = 1 − 2 / N ; N > 2, if the Burdine (Burdine, 1953) model is used.
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o Above the air-LNAPL interface, the total fluid saturation is no longer equal to
one. The effective total liquid saturation above the air-LNAPL interface
depends on the air-LNAPL head and is given by:

S e[ t ] ( z ) = (1 + (α an * ( z − z an )) N ) − M

(2.19)

In this case, the LNAPL saturation is given by:
(2.20)

So= (1- Swr – Snr) * Se(t) + (Swr + Snr -Sw)
Where Se(t) is the effective total liquid saturation
An illustration of an example LNAPL and water profiles for a homogeneous soil

is given in Figure 2.6. The behavior of multiphase fluids in porous media is discussed
further by Corey and Dullien (Charbeneau, 2006; Corey, 1986; Dullien; 1992).

Homogeneous Soil: Saturation Profiles
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Figure 2.6. Illustration of LNAPL and Water Saturation Profiles for a Nonspecific Soil
Profile.
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The Transmissibility
Transmissibility is an integration of the mobility of a liquid phase (LNAPL or
water) over the mobile thickness. It is a quantification of the flow capacity of the aquifer
for a specific fluid. LNAPL transmissibility and water transmissibility are a measure of
the potential for LNAPL recovery and water production, respectively. Transmissibility
accounts for two factors: the hydraulic conductivity and the relative permeability, which
is a result of the saturation profiles and the characteristic curve relating the relative
permeability to the saturation. The ratio of LNAPL recovery rate to the water pumping
rate is proportional to the ratio of LNAPL transmissibility to the water transmissibility.
Both

LNAPL transmissibility and water transmissibility are defined below.

Transmissibility has unit of length squared per time. Transmissibility depends on the soil
properties and the water table level. Thus, at a specific location and within a defined soil
environment, the transmissibility can be correlated to the water table level. This last
conclusion allows the analysis of the recovery performance of all the wells in a system of
wells, simultaneously.

Hydraulic Conductivity
Hydraulic Conductivity (K) is the coefficient of proportionality between the
specific discharge and the hydraulic gradient in Darcy’s law. It is a measure of the
capacity of a porous medium to transmit flow of a specific fluid.

The hydraulic

conductivity is related to the intrinsic permeability by the factor ρg/µ where ρ is the
density (mass per unit volume) and µ is the dynamic viscosity (coefficient of
proportionality between the shear stress and the velocity gradient of a fluid), and g is the
gravity acceleration.
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Relative Permeability
The relative permeability is the ratio of the permeability of a fluid in a porous
medium at a specified saturation to its permeability under fully saturated conditions. The
LNAPL relative permeability depends on both the water and LNAPL saturations, and on
pore sizes.
As indicated before, the wetting phase occupies the smallest pore sizes while the
nonwetting phase will occupies the largest as illustrated in Figure 2.7. Thus when
associating relative permeability with fluid saturation, larger pore sizes are associated
with the nonwetting phase and smaller pore sizes with the wetting phase (Charbeneau,

Frequency

2004).

LNAPL
Water

Air
Pore Size

Figure 2.7. Distribution of Fluid Saturation among Various Pore Sizes

22

The relative permeability is usually described using one of two models: the
Burdine Model, and the Mualem Model. Other models are also available (Charbeneau,
2006; Parker et al., 1987) The Burdine and Mualem equations are, respectively:

(2.21)

 S et dS e
∫ 2
 S hc
2
k rn w ( S w , S n ) = ( S et − S ew ) *  1ew
dS
 ∫ 2e
 0 hc

(2.22)

 S et dS e
∫
 S hc
k rn w ( S w , S n ) = ( S et − S ew ) *  1ew
dS
∫ e
 0 hc

Burdine:

Mualem:















2

hc is the capillary head.

Where

The relative permeability can be expressed in term of the van Genuchten
parameters and the saturations. The form of the equations for the combined van
Genuchten –Burdine (vG-Burdine) model and the van Genuchten –Mualem (vGMualem) models for both LNAPL and water are given below, respectively.
vG-Burdine:
2

(2.23) LNAPL: k rn ( S w , S n ) = S n * ((1 − S ew

1/ M

2

(2.24) Water:

k rw ( S w ) = S w * (1 − (1 − S ew

) M − (1 − S et

1/ M

1/ M

)M )

)M )

vG-Mualem:
(2.25) LNAPL: k rn ( S w , S n ) =

S n * ((1 − S ew
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1/ M

) M − (1 − S et

1/ M

)M )2

(2.26) Water:

k rn ( S w ) = S w * (1 − (1 − S ew

1/ M

)M )2

LNAPL Transmissibility
The LNAPL transmissibility is a measure of the capacity of LNAPL to migrate if
it become subject to a gradient. It is the integral of the product of the relative
permeability and the hydraulic conductivity over the interval of the mobile LNAPL,
multiplied by a constant. The LNAPL transmissibility is given by:
z max

(2.27)

ρ
Tn (bn ) = r * ∫ K ws ( z ) * k rn ( S w , S n )dz
µr z
nw

Water Transmissibility
The water transmissibility is a measure of the capacity of water to migrate if it
become subject to a gradient. It is the integral of the product of the water relative
permeability and the hydraulic conductivity over the interval of the mobile water within
the screen span. It is given by:
ScreenTop

(2.28) Tw (bw ) =

∫K

ws
ScreenBottom

( z ) * k rw ( S w )dz

LNAPL Recovery
Horizontal fluid movement due to lateral gradients exists under hydrostatic
conditions. The unit flux of a fluid is given by the product of its transmissibility and the
hydraulic gradient. The unit flux of a fluid is the total horizontal volume flux over the
vertical distance in which the fluid is mobile per unit of screen parameter per unit of time.
Thus, the unit flux of water and that of LNAPL, Uwx and Unx, are given by the following
equations (Charbeneau, 2006), respectively:
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(2.29)

U wx = Tw (bw ) * J wx , Where J wx is the water gradient.

(2.30)

U nx = Tn (bn ) * J nx =

Tn (bn ) * J wx

ρr

=

Tn (bn )
* U wx (Charbenau, 2006)
ρ r * Tw (bw )

Based on the two equations above, the ratio of the LNAPL flow to the water flow
is proportional to the ratio of LNAPL transmissibility to the water transmissibility, as
illustrated in the equation below.
T (b )
Q
(2.31) n n = ρ r * n
Tw (bw )
Qw
Thus, the LNAPL recovery flow is given by the equation below:
Q
T (b )
(2.32) Qn = w * n n
ρ r Tw (bw )

MAIN PARAMETERS USED IN THE HETEROGENEOUS ENVIRONMENT LNAPL
RECOVERY MODEL (HELRM)
The parameters used in the Heterogeneous Environment LNAPL Recovery Model
(HELRM) to estimate the recovery of LNAPL are divided into three categories:
1. Soil parameters: porosity, hydraulic conductivity, van Genuchten Alpha and N, the
water residual saturation, the saturated and vadose zone LNAPL residual saturation,
and the thickness of each layer. Some of these parameters are measured for a waterair combination or for a specific LNAPL type and should be adjusted if the
assumptions used while measuring are different than the ones at the site, i.e. Alpha.
2. LNAPL parameters: LNAPL density, viscosity, and interfacial tensions (LNAPLwater, air-LNAPL-air, and air-water).
3. Well parameters: The screen position (Top and bottom) and length.
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MAIN MODEL CAPABILITIES
The Heterogeneous Environment LNAPL Recovery Model (HELRM) is a
powerful tool to perform the following tasks:
•

Compare the transmissibility of LNAPL within the different layers.

•

Observe the variation in the LNAPL and water transmissibilities as the water level
varies.

•

Account for the effect of vertical heterogeneity on the LNAPL and water
transmissibilities.

•

Compare the LNAPL and water transmissibilities for different scenarios accounting
for different degrees of vertical heterogeneity.

•

Allow to account for the effect of pumping from one well on the other wells within its
radius of influence. This capability allows the engineer to analyze a system of wells
with all wells operating simultaneously at the site.
This last capability is very important and useful. The influence of the pumping at

each of the wells in estimating the LNAPL recovery rate at this well and the other wells
in the system can be accounted for. This estimate is possible by calculating the water
level depression at each well due to the pumping at all the wells in the system. The ratio
of the potential for LNAPL recovery on the potential for water pumping is then
calculated. The LNAPL recovery rate is equal to this ratio multiplied by the water
pumping rate and ρr.
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Chapter 3: Model Parameters: Estimation and Variability based on the
API Database
INTRODUCTION
Soil environments are often heterogeneous. This chapter includes a description of
the variability of the soil and LNAPL properties available in the API database described
in the following section (API, 2006). The objectives of this chapter are as follows:
1. Define the range within which the soil and LNAPL properties used to predict the
recoverability of LNAPL may vary within a site, and/or within each soil type.
2. Examine the ability to make good estimates of the soil and LNAPL properties if the
soil type and/or the LNAPL type are know, respectively.
3. Examine how accurately measured soil or LNAPL properties at some locations at a
site can describe the whole site.
The conclusions from this chapter form the basis for the sensitivity analysis that
will be presented in Chapter 4. The sensitivity analysis in Chapter 4 is performed using
the Heterogeneous Environment LNAPL Recovery Model (HELRM) that can estimate
the potential for LNAPL recovery and water production at a well based on the soil
properties, well characteristics, and LNAPL properties. This model is developed based on
the same approach used in the American Petroleum Institute, LNAPL Distribution and
Recovery Model (API_LDRM) (Charbeneau, 2006). In addition, this chapter includes a
description of the parameters used in HELRM to describe the recoverability of LNAPL
using pumping wells. It also includes a description of the measurement methods used to
determine the parameters, and the precision of these measurements. The model
(HELRM) parameters are classified within two categories:
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1. Parameters that describe the LNAPL: LNAPL-water density ratio ρr, LNAPL-water
viscosity ratio µr, air-water surface tension σaw, air-LNAPL surface tension σan, and
LNAPL-water interfacial tension σnw.
2. Parameters that describe the soil: porosity n, van Genuchten alpha α, van Genuchten
N (dimensionless), irreducible (residual) water saturation Swr (%), irreducible
(residual) LNAPL saturation in the vadoze zone Snrv (%), irreducible (residual)
LNAPL saturation in the saturated zone Snrs (%), and hydraulic conductivity.
The API database includes data of all the properties described above except the
irreducible (residual) LNAPL saturation in the vadoze zone Snrv (%) and the irreducible
(residual) LNAPL saturation in the saturated zone Snrs (%). A larger number of data are
available for the soil properties than for the LNAPL properties. A detailed description of
the database is given in the next section.
In general, larger uncertainty is associated with the soil parameters than with the
LNAPL parameters. The type and properties of the LNAPL spilled into the ground can be
characterized by taking samples from the contaminated area, and by reviewing the
operation records at the site. However, when many types of oil have contaminated a site,
the mix will have different proportions at different locations. Thus, this will cause
variability in the LNAPL properties at the different locations at one site. Soil
heterogeneity is usually due to many natural processes. Thus soil heterogeneity is
difficult to quantify.

API DATABASE
The “LNAPL Parameters Database” (API, 2006) is a collection of information
about samples collected from near-surface aquifers. These samples have had their
capillary parameters determined and other physical parameters measured. The raw data
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based on which the capillary parameters were determined are also available in the
database. The information gathered in the database is currently the most complete set of
laboratory measurements available now in the public domain (API, 2006). It was
collected to answer site specific questions, and come from a number of different sources
and sites including refineries, fuel storage facilities, and military bases. The sites from
which the information is gathered are different from those found in the historic literature
and represent a more relevant set for the cases where LNAPL releases were observed
(API, 2006). The range of tests performed and the used testing procedures differ in many
cases. In general, the measurements attributed to a single sample are obtained from slices
of a single core not separated by more than 6 vertical inches from the slice where the
sample capillarity was determined (API, 2006).
The API database contains the following types of information:
•

Sample capillary parameters and the raw data from which they were derive for nearly all
samples in the database.

•

Petrophysical data including density (bulk/grain), porosity, permeability, conductivity,
water and hydrocarbon saturations.

•

Grain size data (weight fraction vs. grain size).

•

Fluid properties (viscosity, density, interfacial tensions) often not taken from the same
samples where rock properties are measured and provided as a form of site
characterization rather than for direct comparison with other samples within the site (API,
2006).
Detailed descriptions of the type and amount of measurements available in the
API database are given in Table 3.1. The database includes measurements from 29 sites
with Site ID’s of 1 to 29. Different types of site investigation were performed and
different numbers of samples were taken at the different sites. Information about the
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locations of the sites and the lateral distribution of the samples within each site are not
available. The depths at which the samples were taken are given in the database.
In the following sections a comparison between the values of the measurements of
the properties is performed. The measurements are grouped in two different ways to be
compared:
1. Measurements from the same site are compared.
2. Measurements of the soil properties from the same soil type are compared.
Likewise, measurements of the LNAPL properties from the same type are
compared.
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Site
ID

Data

1
2
3
4
5
6
7
8
9
10
11
12
13
14

9
9
4
53
6
2
4
1
1
1
2
4
12
5

CAP
Data Testing Method Data
9
6
1
2
6
2
4
1
1
1
2
4
12
5

ASTM D425M
ASTM D425M
ASTM D425M
ASTM D3152
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D3152
ASTM D425M

9
6
4
50
0
0
0
0
0
0
2
4
0
2

Petrophysical
CAP
Moisture
Method
Method
API RP40 ASTM 2216
API RP40 ASTM 2216
API RP40 ASTM 2216
API RP40 ASTM 2216

API RP40 ASTM 2216
API RP40 ASTM 2216
API RP40 ASTM 2216

Grain Size
Data
0
6
0
0
0
0
0
0
0
0
0
0
12
0

15

13

10

ASTM D425M

10

API RP40 ASTM 2216

10

16
17
18
19
20
21
22
23
34
25
26
27
28
29

5
15
2
6
12
17
11
3
3
4
6
5
4
16

3
15
2
6
12
15
2
3
3
4
3
5
4
16

ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D3152
ASTM D425M
ASTM D425M
ASTM D425M
ASTM D3152
ASTM D425M
ASTM D425M
ASTM D425M

5
15
2
6
12
15
11
3
3
4
3
0
0
16

API RP40
API RP40
API RP40
API RP40
API RP40
API RP40
API RP40
API RP40
API RP40
API RP40

4
15
0
0
12
16
6
3
0
4
3
0
0
3

ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216
ASTM 2216

API RP40 ASTM 2216

Testing Method Data
ASTM D4464M

ASTM D422M
ASTM D422M
and D4464M
ASTM D4464M
ASTM D4464M

ASTM D4464M
ASTM D4464M
ASTM D4464M
ASTM D422M
ASTM D422M
ASTM D422M

ASTM D422M

0
3
0
3
0
0
0
0
0
0
0
0
0
2
3
0
1
0
0
0
0
0
1
0
0
3
0
0
0

Fluid
Viscosity
Method
0
ASTM D445
0
ASTM D445

ASTM D445
ASTM D445
ASTM D445

ASTM D445

Tensions
Density
Method
ASTM
0
ASTM

ASTM
ASTM
1481
ASTM

ASTM

Table 3.1: Summary of the Data Available in the API Database and their testing Methods.
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Data
0
3
0
2
0
0
0
0
0
0
0
0
0
2
3
0
1
0
0
0
2
0
1
0
0
2
0
0
0

Method
ASTM D971
ASTM D971

ASTM D971
ASTM D971
ASTM D971

ASTM D971

DuNuoy

PRODUCT TYPE
Product type can have a significant impact on LNAPL plume movement and
recoverability. The density and viscosity of the product affect the shape, distribution, and
apparent product thickness of the LNAPL plume (API, 2004). A very thick, small product
plume results from a LNAPL with high viscosity and density. However, a lower viscosity
and less dense LNAPL results in considerable product migration, and thus a broader,
longer, and lower apparent product thickness plume (API, 2004). The LNAPL-water
density ratio, the dynamic viscosity, and the interfacial and surface tension are parameters
used in the Heterogeneous Environment LNAPL Recovery Model (HELRM) to estimate
the LNAPL recoverability. Measurements for these properties are available from the API
database. At each individual site in the API database, all the LNAPL samples taken are of
the same LNAPL type. The LNAPL types observed at all the sites are: 1-Octane, 2Gasoline, 3- Mix of Gasoline and diesel, 4- Aviation gas (Av gas), jet and others, 5- JetA, and 6- JP-4. The variability in the LNAPL properties at a single site or for a single
LNAPL type is small for most of the examined properties. One exception is the
variability of the air-water interfacial tension. The variability of the air-water interfacial
tension is relatively large. A detailed discussion about the variability of each of the
LNAPL properties indicated in the introduction is presented hereafter.

LNAPL-Water Density Ratio
Fluid density is defined as the mass of fluid per unit volume (g/cm3 or g/mL). The
LNAPL-water density ratio is the same as the specific gravity (SG) and is defined as the
ratio of the weight of a given volume of substance at a specified temperature to the
weight of the same volume of water at a given temperature. LNAPL is by definition
lighter than water and thus has an LNAPL-water density ratio smaller than 1.0. The value
of the LNAPL-water density ratio is also influenced by temperature. The LNAPL-water
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density ratio influences the observed thickness of the LNAPL in a nearby well, the
mobility of the LNAPL, and the relative mobility of the LNAPL compared to the water.
The influence of the LNAPL-water density ratio on the recoverability of LNAPL will be
examined in Chapter 4.

Methods of Measurement
The API Interactive LNAPL Guide mentions the ASTM Method D-5002, Density
and Relative Density of Crude Oils by Digital Density Analyzer, as a standard approach
to measure the density of hydrocarbons.
ASTM Method D-5002 applies to crude oils in the 0.75 to 0.95 g/mL range that
can be handled in a normal fashion as liquids at test temperatures between 15 and 35C.
Accurate results require that precautions be taken to prevent vapor loss during transfer of
the sample to the density analyzer, especially for light crude oils with high vapor
pressures (ASTM, 1999).

Causes of Variability
The variability in the LNAPL-water density ratio is mainly due to the variability
in the composition of LNAPL at the different locations at each site.
Other reasons that may cause variability between different sites or different
locations at a site are the temperature and the pressure. However, in most cases, the
variation of density with temperature and pressure is insignificant.

Statistical Quantification of the Variability of the LNAPL Density
The variability in the measured LNAPL density among all the measurements at all
the sites in the API database is small. The Coefficient of Variation of all the measured
LNAPL densities in this database is 0.06. Figure 3.1 illustrates that most of the measured
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density of LNAPL in the API database fall between 0.75 to 0.85 g/cm3. The total number
of measurements illustrated in Figure 3.1 is 61. The variability within each of the sites
and within each of the LNAPL types is examined thereafter.

14
12
10
8
6
4
2
0
0.
50
0.
54
0.
58
0.
62
0.
66
0.
70
0.
74
0.
78
0.
82
0.
86
0.
90
0.
94
0.
98

Frequency

API Database: All Data

3

Density (g/cm )

Figure 3.1: Histogram of the Values of the Density Measurements from the API
Database.

Variability within each site
The observed variability in the LNAPL density within each of the sites is small.
As illustrated in Table 3.2, many of the coefficient of variations, c.o.v., values are either
zero or 0.01, for instance at sites 4, 15, 17, and 29. Figure 3.2 illustrates an example of a
site with a small variability of the LNAPL density, i.e. Site 15. Six out of the 9
measurements of LNAPL density taken at this site were identical. This site, similarly to
the other sites in the database, is contaminated by the same mix of LNAPL at all its
locations. This explains the fact that the LNAPL density variability within each site is
small. Thus, the median corresponding to each of the sites represents well the LNAPL
density at the site.
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API Site ID

Mean Density
(g/cm 3)

Standard Deviation
(g/cm 3)

Coefficient of
Variation

Number of
Samples

29
4
26
2
14
17
23
15

0.70
0.82
0.78
0.78
0.73
0.84
0.78
0.77

0.00
0.01
0.03
0.02
0.02
0.01
0.01
0.01

0.00
0.01
0.04
0.03
0.02
0.01
0.02
0.01

10
9
9
12
6
3
3
9

Table 3.2: Statistical Summary Grouped Based on the Sites for the Density
Measurements from the API Database.

7
6
5
4
3
2
1
0
0.
50
0.
54
0.
58
0.
62
0.
66
0.
70
0.
74
0.
78
0.
82
0.
86
0.
90
0.
94
0.
98

Frequency

API Database: Site 15

3

Density (g/cm )

Figure 3.2: Histogram of the Values of the LNAPL Density Measurements at Site 15
from the API Database.

Variability within each LNAPL Type
Within the API database, gasoline was observed in two sites (sites 2 and 14), and
a mix of gasoline and diesel was observed in other two sites (sites 4 and 17). The other
types of LNAPL were each observed in just one site. The total number of sites with
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LNAPL density data available at the API database is 8. The variation in the LNAPL
density is described by c.o.v. values less than 0.04 in both cases when the LNAPL is
constituted by just one type of oil, or when the LNAPL is constituted by a mix of various
oils. These results are illustrated in Table 3.3 and are correct when the samples for one
LNAPL category are taken from two different sites or from just one site. These data
indicate that a fair estimate of the LNAPL density can be made when the LNAPL type is
determined without need for specific site measurements. Even though, the measurements
for the density of the gasoline-diesel mix were collected from two different sites, all the
values fall around 0.82 g/cm3. The largest variability is observed in the gasoline case and
is illustrated in Figure 3.3.

LNAPL Type
All Data
Octane-500ppm NaCL
Mixed Gasoline and
Diesel
Av gas, jet, and other
Gasoline
Jet-A
JP-4

Mean Density
(g/cm 3)

Standard Deviation
(g/cm 3)

Coefficient of
Variation

Number of
Samples

0.77
0.70

0.04
0.00

0.06
0.00

61
10

0.82

0.01

0.02

12

0.78
0.76
0.78
0.77

0.03
0.03
0.01
0.01

0.04
0.04
0.02
0.01

9
18
3
9

Table 3.3: Statistical Summary Grouped Based on the LNAPL Type for the LNAPL
Density Measurements from the API Database.
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API Database: Gasoline
6
Frequency

5
4
3
2
1
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0.
54
0.
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0.
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0.
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0.
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0.
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0.
86
0.
90
0.
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0.
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0

3

Density (g/cm )

Figure 3.3: Histogram of the Values of the LNAPL Density Measurements
Corresponding to Gasoline from the API Database.

Variability of Dynamic Viscosity
The viscosity of a fluid is a measure of its resistance to flow and shear (Bear,
1972). A fluid of higher viscosity will flow with higher resistance compared to a fluid
with a low viscosity. Viscosity is thus an important parameter in understanding the
capacity of a product to be recovered, and to readily penetrate a porous media (API,
2004). The sensitivity to the viscosity of the Heterogeneous Environment LNAPL
Recovery Model (HELRM) will be examined in Chapter 4.

Methods of Measurement
Based on the API Interactive Guide, common ASTM standard methods for
measuring the kinematic viscosity of oils include ASTM D-445, Standard Test Method
for Kinematic Viscosity of Transparent and Opaque Liquids, and ASTM D-4486,
Standard Test Method for Kinematic Viscosity of Volatile and Reactive Liquids. All the
viscosity data available at the API database were measured using ASTM D-445.
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•

ASTM D-445, Standard Test Method for Kinematic Viscosity of Transparent and Opaque
Liquids: This test method determines the kinematic viscosity by measuring the time for a
volume of liquid to flow under gravity through a calibrated glass capillary viscometer
(ASTM, 2006). This method works for the Newtonian fluids, for which primarily the
shear stress and shear rates are proportional. The range of kinematic viscosities covered
by this test method is from 0.2 to 300 000 mm2/s at all temperatures (ASTM, 2006).

Causes of Variabilityin the Database
The API database includes measurements of viscosity from 7 sites. From each of
these sites, several samples are taken and viscosity measurements are performed at
temperatures ranging between 60 °F and 120 °F. The number of samples used for
viscosity measurements varies between one and three at each site. Viscosity is highly
dependent on temperature. In general, as temperature increases in a liquid, the cohesive
forces decrease and the absolute viscosity decreases. Since viscosity is highly dependent
on temperature, the viscosity measurements in the API database corresponding to the
same temperature, 80 °F, are compared in this chapter. The number of viscosity
measurements used in this analysis is 16.

Variability within each Site
The variability in the dynamic viscosity is large within some sites. It is noticeably
high at site 26 which has a not-well-defined mixture of oil. Three measurements are
available at this site and are plotted on Figure 3.4. Two of the measurements at Site 26
have a dynamic viscosity twice as large as the third measurement. These conclusions and
the values of the c.o.v. values should be observed with caution due to the presence of a
limited number of measurements at each site. Site 14, contaminated by gasoline, also
shows a high c.o.v. values as indicated in Table 3.4. This is due to the fact that the
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viscosity values are small and thus a small variability corresponds to a large c.o.v. values
value. The c.o.v. values vary between 0.04 and 0.33 within each site, even though, based
on the API database, the LNAPL samples within each single site are classified to be of
the same type of oil. The variability in the viscosity at the sites where a mix of oils is
detected is probably due to the variability in the proportions of the various oils within the
mix at the different locations.
Mean Dynamic
API Site
Type of LNAPL
ID
Viscosity (cpoise)
Gasoline and Diesel
1.20
4
Av gas, jet, others
1.24
26
Gasoline
0.61
2
Gasoline
0.48
14
Gasoline
and
Diesel
0.95
17
Jet-A
1.59
23
JP-4
0.69
15

Standard
Deviation
0.05
0.41
0.06
0.10

0.04

Coefficient of Number of
Variation
Samples
0.04
3
0.33
3
0.10
3
0.20
2
1
1
0.06
3

Table 3.4: Statistical Summary Grouped Based on the Sites for the Dynamic Viscosity
Measurements from the API Database.

API Database: Site 26

Frequency

3
2
1

0.
35
0.
45
0.
55
0.
65
0.
75
0.
85
0.
95
1.
05
1.
15
1.
25
1.
35
1.
45
1.
55

0

Dynamic Viscosity (cpoise)

Figure 3.4: Histogram of the Values of the Dynamic Viscosity Measurements at Site 26
from the API Database.
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Variability within each LNAPL Type
If the type of fluid spilled is known, then the value of the dynamic viscosity at a
certain temperature is easily measured or even estimated from published fluid properties.
Spills or leaks at a site are many times a mixture from many sources and at different
proportions depending at the location within the site. Thus, a generic description of the
type of LNAPL is often not enough to estimate the dynamic viscosity at a site. Using a
generic description of the LNAPL to estimate the dynamic viscosity may lead to an
uncertainty described by a c.o.v. values as high as 0.33 as is the example of the “Av gas,
jet and other” in the Table 3.5. The distributions for the variability of the viscosity within
each of the LNAPL types are not illustrated in figures since they are very similar to those
illustrating the distributions in each of the sites.
Mean Dynamic
Standard
Viscosity (cpoise) Deviation
0.92
0.38
All
1.13
0.13
Gasoline and Diesel
1.24
0.41
Av gas, jet, and other
0.56
0.10
Gasoline
1.59
Jet-A
0.69
0.04
JP-4
API Site ID

Coefficient of Number of
Variation
Samples
0.41
16
0.11
4
0.33
3
0.17
5
1
0.06
3

Table 3.5: Statistical Summary Grouped Based on the LNAPL Type for the Dynamic
Viscosity Measurements from the API Database.

Interfacial and Surface Tension
The surface tension is a measure of the excess energy that molecules at the
surface have compared to the molecules within the bulk fluid phase (Charbeneau, 2000).
The surface tension develops at physical interfaces between two immiscible fluids, for
instance water and LNAPL. The interfacial tension for completely miscible liquids is 0
dyne/cm (API, 2004). The potential for immiscibility between two fluids is positively
correlated with the interfacial energy between the two fluids. Interfacial tension is the
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primary factor controlling wettability (API, 2004). The measurements of the surface
tension analyzed in this section are done on samples with temperatures varying between
70 and 80 °F.

Methods of Measurement
One method to measure the surface tension of a water-LNAPL system is ASTM
D971-99a(2004) Standard Test Method for Interfacial Tension of Oil Against Water by
the Ring Method. This method was used to measure the majority of the interfacial tension
values available in the API database. Few measurements in the API database use the
DuNuoy method. As indicated in the ASTM publication describing the ASTM D97199a(2004) Standard Test Method: “Interfacial Tension is determined by measuring the
force necessary to detach a planar ring of platinum wire from the surface of the liquid of
higher surface tension, that is, upward from the water-oil interface. To calculate the
interfacial tension, the force so measured is corrected by an empirically determined factor
which depends upon the force applied, the densities of both oil and water, and the
dimensions of the ring. Measurements are made under rigidly standardized
nonequilibrium conditions in which the measurement is completed within 60 s after
formation of the interface”(ASTM, 2004).

Causes of Variability
The interfacial tension between two fluids depends on the pH, temperature, gases
within the fluids, and surfactants. In general, increasing temperature decreases the
interfacial tension.
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Air-Water Interfacial Tension
A large variability in the air-water interfacial tension is observed among all the
data at the API database. The number of measurements available at the database is 16.
The air-water interfacial tension varies between 38 dynes/cm and 74 dynes/cm as
illustrated in Figure 3.5. This variability, when considering all the sites together, is large.
In the next section, the variability within each single site will be examined. The amount
of information available about the sites and the data collection is limited and does not
allow for a comprehensive explanation of the variation in the values of the measurements.

API Database: All Data
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Figure 3.5: Histogram of the Values of All the Air-Water Interfacial Tension from the
API Database.

Variability within each site
The variability of the air-water interfacial tension within each site at the API
database is small. The number of measurements available for comparison at each site is
limited. Just one measurement is available at some sites. Two or three measurements are
available at other sites. Keeping this in mind, the c.o.v. values for the air-water interfacial
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tension are small at the three observed sites and vary between 0.01 and 0.04 as shown in
Table 3.6. This is due to the fact that water and air properties are not expected to vary
significantly.
API Site Mean σaw
ID
(dynes/cm)
62.51
2
57.90
4
51.34
12
70.90
14
69.87
15
50.83
17
49.13
21
73.70
23

Standard
Deviation
0.85

0.42
2.93
8.59

Coefficient Number of
of Variation Samples
0.01
3
1
1
0.01
2
0.04
3
1
0.17
4
1

Table 3.6: Statistical Summary Grouped Based on the Sites for the Air-Water Interfacial
Tension Measurements from the API Database.

Air-LNAPL Interfacial Tension
Based on the Various Sites
The variability in the air-LNAPL interfacial tension is small within each site. The
c.o.v. values for the air-LNAPL interfacial tension are small (0 and 0.02) at the sites
where the LNAPL description is not a mix (Sites 2, 14, and 15). The c.o.v. values are
relatively large, i.e: 0.14 at site 26 which has an LNAPL composed of a mix of aviation
gas, jet, and others. There is a limited number of measurements at each of these sites as
indicated in Table 3.7. These results reflect a small variability in the air-LNAPL
interfacial tension is expected at the sites polluted by one type of products (Sites 2, 14,
and 15). A higher variability is expected at the sites polluted by a mix of products (Site
26).
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API Site ID
2
14
15
26

Mean σan
(dynes/cm)
24.21
21.80
23.83
23.84

Standard
Deviation
0.37
0.00
0.50
3.37

Coefficient of Number of
Variation
Samples
0.02
3
0.00
2
0.02
3
0.14
2

Table 3.7: Statistical Summary Grouped Based on the Sites for the Air-LNAPL
Interfacial Tension Measurements from the API Database.

Variability within each LNAPL Type
The variability of the air-LNAPL interfacial tension is small for gasoline, and a
mixture of gasoline and diesel, even though the samples for each of these two categories
of LNAPL came from 2 sites. The corresponding c.o.v. values for the air-LNAPL
interfacial tension for gasoline, and a mixture of gasoline and diesel are 0.06 % and 0.03,
respectively, as illustrated in Table 3.8. A higher variability is observed for the mixture of
“Av gas, jet, and others” where all the samples are collected from the same site, i.e., Site
26. This indicates that if the LNAPL classification is well defined as one product, the
variability in the air-LNAPL interfacial tension is minimal. If the LNAPL mixture is not
well defined, the variability in the air-LNAPL interfacial tension is expected to be large.
The reason is that the interfacial tension between two fluids depends on the pH,
temperature, gases within the fluids, and surfactants. Thus, the variability in the LNAPL
composition at a site is reflected by variability in the air-LNAPL interfacial tension.

44

LNAPL Type
All
Gasoline and Diesel
Av gas, jet, and other
Gasoline
JP-4

Mean σan
(dynes/cm)
26.40
25.28
23.84
23.25
23.83

Standard
Deviation
11.31
0.82
3.37
1.35
0.50

Coefficient of
Variation
0.43
0.03
0.14
0.06
0.02

Number of
Samples
18
2
2
5
3

Table 3.8: Statistical Summary Grouped Based on the LNAPL Type for the Air-LNAPL
Interfacial Tension Measurements from the API Database.

LNAPL-WATER INTERFACIAL TENSION
Variability within each Site
The c.o.v. values for the LNAPL-water interfacial Tension are large compared to
the c.o.v. values of the air-water and air-LNAPL interfacial tension parameters. For
instance, the c.o.v. values are 0.24 at site 14 (gasoline) and 0.27 at site 15 (JP-4) as
illustrated in Table 3.9. Both sites 14 and 15 are contaminated by one type of LNAPL.
Each of these sites has two or three measurements for the air-water interfacial tension. At
site 14, two measurements are taken and they are significantly different from each others.
Three measurements are taken at site 15; two of them are almost identical while the third
is very different as illustrated in Figure 3.6. Even though a limited number of
measurements are available, the API database suggests that there is a wide spread of the
values of the air-water interfacial tension at each site.

API Site ID
2
14
15
26
29

Mean σnw
(dynes/cm)
17.21
29.70
33.73
12.11
31.60

Standard
Deviation
1.48
7.07
9.05
0.93
0.00

Coefficient of Number of
Variation
Samples
0.09
3
0.24
2
0.27
3
0.08
2
0.00
10

Table 3.9: Statistical Summary Grouped Based on the Site for the LNAPL-Water
Interfacial Tension Measurements from the API Database.
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API Database: Site 15
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Figure 3.6: Histogram of the Values of the LNAPL-Water Interfacial Tension
Measurements at Site 15 from the API Database.

Variability within each LNAPL Type
The variability of the LNAPL-water interfacial tension is small for the gasolinediesel mixture, and the Aviation gas-jet-others mixture. The c.o.v. values are presented in
Table 3.10. The variability is large for the gasoline and JP-4. In the case of gasoline
illustrated in Figure 3.7, this can be explained by the fact that the gasoline measurements
come from two different sites.

LNAPL Type
All
Gasoline and Diesel
Av gas, jet, and other
Gasoline
JP-4

Mean σnw
(dynes/cm)
25.80
13.83
12.11
22.20
33.73

Standard Coefficient of Number of
Deviation
Variation
Samples
12.41
0.48
28
0.33
0.02
2
0.93
0.08
2
7.77
0.35
5
9.05
0.27
3

Table 3.10: Statistical Summary Grouped Based on the LNAPL Type for the LNAPLWater Interfacial Tension Measurements from the API Database.
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API Database: Gasoline
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Figure 3.7: Histogram of the Values of the LNAPL-Water Interfacial Tension
Corresponding to Gasoline from the API Database.

SOIL PROPERTIES
Heterogeneity at a site can be large both in the vertical and horizontal directions.
In addition, it is difficult to define the boundaries between the layers especially at
locations far away from the boreholes used for the site investigation. In this section, the
variability observed in the soil properties at each site in the API database is quantified. As
mentioned in the introduction, the objective is to:
1. Define the range within which the soil properties used to predict the recoverability of
LNAPL may vary within a site, and/or within each soil layer.
2. Examine the ability to make good estimates of the soil properties if the soil type is know.
3. Examine how accurately a measured soil property at a site, if used in the Heterogeneous
Environment LNAPL Recovery Model (HELRM) to predict the recoverability of
LNAPL, can describe the site.
In addition, the data presented in this chapter helps to quantify the margin of error
that can result from a misinterpretation of the boundaries between soil layers at one site.
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The soil types are categorized based on the USCS soil classification system. Soil type
classifications are not available for all samples in the API database.

Description of the Types of Soil Observed in the Database
Understanding the classification of the soil among the different types described
below requires the understanding of several soil properties. Particle size distribution and
the Atterberg limits are the main parameters used in soil classification and are briefly
described as follows:
•

Particle Size Distribution: Sieve analysis is performed to determine the relative
proportions of different grain sizes as they are distributed among certain size ranges. In
this context, U.S.S. No. 200 sieve, with openings of 0.075 mm, is important since it
determines the limit between fine and coarse grains.

•

Atterberg Limits: Are used to describe the consistency of soils under various water
contents. Atterberg attributed four different states for the soils: solid, semisolid, plastic,
and liquid. The liquid limit (LL) represents the moisture content at the transition point
between the plastic state and the liquid state. The plastic limit (PL) represents the
moisture content at the transition point between the plastic state and the semisolid state.
The plasticity index (PI) is the difference between the plastic limit and the liquid limit.
The soil types used in the API database are defined as follows:

•

ML: Is a fine-grained soil with more than 50% finer than U.S.S. No. 200 sieve. ML is
inorganic and has a liquid limit (LL) less than 50 and plots below the A line. Soils
classified as ML could be silt or a mix of silt with either or both sand and gravel.

•

SM: Is a Coarse-grained soil with less than 50 % and more than 12 % passing No. 200
sieve. SM should satisfy one of these two criteria: 1- The Atterberg’s limits plot below
the A-line defined by PI = 0.73 (LL-20), where PI is the Plasticity Index and LL is the
Liquid Limit, or 2- The PI is less than 4.
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•

SP: Is a Coarse-grained soil with less than 5 % passing No. 200 sieve. SP has a narrower
range of grain distribution than SW.

•

SW: Is a Coarse-grained soil with less than 5 % passing No. 200 sieve. SW has a large
range of grain distribution.

Variability of the Porosity
Total porosity is simply expressed as the ratio of the volume of open or void
space to the total volume of the soil or rock. Total porosity is the total void space in the
soil or rock whether or not it contributes to fluid flow. In this dissertation, the term
porosity, often referred to as effective porosity in the oil industry, is a measurement of the
interconnected pore volume in a rock that contributes to fluid flow. Total porosity
generally increases with decreasing grain size at the same effective normal stress.
Effective porosity generally decreases with decreasing grain size because tortuosity and
the interactions between the fluid and the soil surface increases. The variability of the
porosity, both total and effective, may be due to the variability in pore sizes and structure,
effective pressure, and compaction.

Methods of Measurement
In addition to other methods, ASTM method D 4404-84 is a standard approach to
measuring the porosity of soils. Based on the ASTM publications, this test method covers
the determination of the pore volume and the pore volume distributions of soil and rock
by the mercury intrusion porosimetry method. It measures only the pores open to the
outside of a soil or rock fragment (ASTM, 1984). In addition, API RP 40 is another
method to measure porosity (API, 1998). The API-RP-40 measurement of porosity is
based on Boyle's law. The difference between the total gas space at a pressure P1 of
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6.9 *105 Pa and the calibrated volume of the cell at atmospheric pressure P0 is used to
calculate the porosity (Fernandez, 2004).

Variability within Each site
Almost at all the sites, the effective porosity (or porosity) values for the different
soil classifications overlap. In many cases, the effective porosity values corresponding for
one soil classification spread over all the range of values for the other types of soil
observed at the site.
ML shows a tendency to have higher effective porosity than SM and SW at many
sites, i.e.: Sites 2, Site 15 illustrated in Figure 3.8, and Site 21. However, this rule was
broken at many sites, i.e.: Site 13, Site 17, and Site 20. SP, which has a more uniform
grain sizes distribution than SW, has a tendency to be at the higher effective porosity side
of the diagrams. SP is expected to have higher effective porosity than SW because of the
higher uniformity of its grain sizes and thus its lower tortuosity. However in many
instances, SP effective porosity values were spread all over the range, i.e.: Site 15
illustrated in Figure 3.8, and Site 16.
The information presented in this section, based on the API database, indicates
that heterogeneity in the effective soil porosity can be significant both between different
soil types and within the same soil layer. The variability in the effective porosity at a
single site is expected to be significant even within the same layer. Identifying the soil
layer is a weak indicator to get a precise estimation of the effective porosity. The
effective porosity variability within each layer sometimes exceeds the difference in the
values of the soil property among the different layers. This conclusion indicates that the
measurements of the effective porosities at a certain location in a site or within a soil type
should be treated with high caution if used to estimate effective porosity values within the
same site or soil layer.
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API Database: Site 15
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Figure 3.8: Histogram of the Values of the Effective Porosity at Site 15 from the API
Database for Four Different Soil Types (ML, SM, SP, and SW).

Variability within Each Soil Type
The averages of the values of the effective porosities for each of the soil
categories available in the API database are comparable. These averages vary between
0.4 and 0.43 as illustrated in Table 3.11. In addition, the standard deviations and c.o.v.
values are also similar among the various soil types. The standard deviations vary
between 0.05 and 0.07; and the c.o.v. values vary between 0.12 and 0.17. The observed
effective porosities for three of the soil types, i.e., ML, SM, and SW, in the API database
are distributed between approximately 0.3 and 0.5, with the median near 0.4. The case of
ML is illustrated in Figure 3.9. The values of the effective porosity of SP are almost
equally distributed within the range defined between 0.32 and 0.5.
The distributions illustrated in this section enforce the conclusion made in the
previous section that knowing the soil type is a weak indicator to get a precise estimation
of the effective porosity. The effective porosities of the various soil types overlap. The
large overlap between the values of the effective porosities of the different soil types
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suggest that the boundaries between the different layers are not well defined. Thus,
assuming well defined homogeneous layers in the analysis is not supported by the field
data. Describing a whole layer by a single value of the effective porosity may lead to
non-accurate conclusions.
Effective_Porosity
COV
Number

Type

Mean

Std

Min

Max

ML
SM
SP
SW

0.43

0.06

15%

38

0.30

0.54

0.43

0.05

12%

23

0.31

0.51

0.40

0.06

14%

13

0.32

0.50

0.41

0.07

17%

11

0.32

0.49

Table 3.11: Statistical Summary Grouped Based on the Soil Type for the Effective
Porosity Measurements from the API Database for Four Different Soil
Types (ML, SM, SP, and SW).
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Figure 3.9: Histogram of the Values of the Effective Porosity Measurements
Corresponding to ML from the API Database.
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Variability of Bulk Density
Soil bulk density is the ratio of the mass of soil to the volume of soil particles and
pore spaces in a soil. Soil bulk density reflects the structural arrangement of the grain
minerals which have similar densities. The variability in the bulk density is due to the
same reasons causing the variability in porosity.

Methods of Measurement
Bulk density is determined by measuring the total volume of the soil sample in the
field and after drying the sample to a constant weight at 105°C. In general, bulk density is
expressed in units of grams per cubic centimeter (g/cm3).

Variability within Each Soil Type
Similarly to the case of porosity, almost at all the sites, the bulk density values for
the different soil classifications overlap. In many cases, the bulk density values
corresponding for one soil classification spread over all the range of values for the other
types of soil observed at the site as is the case for porosity. This is expected since
porosity and bulk density reflect the structure of the soil, and thus are correlated. Porosity
and bulk density are negatively correlated.
At most of the sites, soils classified as SM showed a tendency to have a smaller
bulk density than SW classified soils, for instance Site 2, Site 13 illustrated, Site 15
illustrated in Figure 3.10, and Site 20. SP bulk density was most of the time relatively
low, i.e. sites 2, 15, 16, 17, with one exception at site 21. ML bulk density is in the
middle of the distribution at many sites, i.e.: sites 13, 15, and spread over all the range in
other sites, i.e. sites 17, and 21.
Based on the API database, the variability in the bulk density at a single site is
expected to be significant even within the same soil type. The large overlap between the
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values of the bulk density of the different soil types suggest that the boundaries between
the different layers are not well defined. Thus, assuming well defined homogeneous
layers in the analysis is not supported by the field data.

API Database: Site 15
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1.8

1.9

2.0

3

Density (g/cm )
Figure 3.10: Histogram of the Values of the Soil Density Measurements Corresponding
to Site 15 from the API Database.

Variability within Each Soil Type
Similarly to what was observed in the porosity case, the averages of the values of
the bulk density for each of the soil categories available in the API database are similar.
These averages vary between 1.5 and 1.58 as illustrated in Table 3.12. In addition, the
standard deviations are also similar for the various soil types and vary between 0.13 and
0.17. The c.o.v. values for the various soil types are approximately equal to 0.10. These
statistics are illustrated in Table 3.12. This enforces the conclusion made in the previous
section that knowing the soil type is a weak indicator to get a precise estimation of the
bulk density. The observed bulk density for each of the soil types (ML, SM, SP, and SW)
in the API database are distributed between approximately 1.50 and 1.58. Some of them
show a normal distribution, i.e ML bulk density, illustrated in Figure 3.11, and to some
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extend SM bulk density. Others show almost a constant distribution as the SP and SW
bulk density, the last being illustrated in Figure 3.12. Even though a c.o.v. value of 0.10
doesn’t indicate a large variability, the similarity between the averages and the standard
deviations of the bulk densities of the various soil types indicates that identifying the soil
stratigraphy near the well will not allow an accurate determination of the bulk densities of
the different layers.
Bulk_Density (g/cm 3)
COV
Number

Type

Mean

Std

Min

Max

ML
SM
SP
SW

1.51

0.16

0.10

38

1.23

1.85

1.50

0.13

0.09

23

1.30

1.85

1.58

0.15

0.09

13

1.35

1.83

1.58

0.17

0.11

11

1.37

1.80

Table 3.12: Statistical Summary Grouped Based on the Soil Type for the Bulk Density
Measurements from the API Database.
API Database: ML
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Figure 3.11: Histogram of the Values of the Bulk Density Measurements Corresponding
to ML from the API Database.
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Figure 3.12: Histogram of the Values of the Bulk Density Measurements Corresponding
to SW from the API Database.

Van Genuchten Parameters
The van Genuchten (vG) equation is an empirical equation to describe the water
retention curve. The water retention curve is an essential element to describe and estimate
multiphase flow (air, water, and LNAPL) in unsaturated soil. Alpha (α) and N, the two
van Genuchten parameters, are usually used in mathematical expressions of multiphase
flow (air, water, and LNAPL) to characterize soil potentials for saturation with water
phase and/or LNAPL phase. These van Genuchten (vG) parameters incorporate the
irreducible and saturated water contents, capillary pressure head, and the pore size
distribution of the soil (API, 2004).
The database does not indicate if the alpha (α) and N values are determined using
the vG-Mualem or vG-Burdine equations. However, examining the data and the presence
of many N values smaller than 2 indicates that the vG-Mualem equation was used since
vG-Burdine equation cannot have values of N less than 2.
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Methods of Measurement
Most of the samples at the API database are tested using ASTM D425 M, some of
them are tested using ASTM D3152. The choice of the testing method depends on the
grain sizes as recommended by ASTM: ASTM D425 M for soils with coarse-grains, and
ASTM D3152 for soils with fine-grains.
•

ASTM D425: a laboratory method that uses centrifuge technique. It applies to coarsegrained soils, passing the 2.00-mm sieve, and having fines of low plasticity such as
SP, SW, SC-SM, or SM soils. The test method is temperature-dependent (ASTM,
2001). The sample is held in a support chamber and subjected to a centrifugal force.
The matric suction is controlled and varied by varying the angular velocity of the
centrifuge. For the various angular velocities, and thus various matric suctions, water
displaced from the soil is collected and measured in a calibrated cylinder at the base
of the support chamber. The various matric suctions and corresponding water
saturation (measured from the corresponding volume of water displaced) determine
the characteristic curve.

•

ASTM D3152: Uses pressure-membrane apparatus using tensions between 1 and 15
atm (101 and 1520 kPa) to determine the capillary moisture properties of finetextured soils. The test gives the moisture content of a soil subjected to a given soil water tension (or at an approximately equivalent height above the water table)
(ASTM, 2000). A series of tests at various tensions is required to prepare a complete
curve of the capillary-moisture properties for any particular soil. The main idea of the
test is to allow a saturated sample of the soil subject to a certain pressure to reach
equilibrium with the water in the membrane. The water, held at a tension less than the
pressure drop across the membrane, will then move out of the soil, through the
membrane, and out through the drain hose. When full equilibrium is reached and
water ceases to flow, the water content of the soil sample is measured (ASTM, 2000).
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Determination of Alpha, N, and Swr
Having the moisture characteristic curve, the van Genuchten parameters are
determined by fitting the van Genuchten equation to the curve. Readily available
software, RETC, can be used to fit the van Genuchten equation to the moisture
characteristic curve and to determine the alpha, N, and Swr values. In addition, Excel®
can be used to do what RETC can do. The engineer can use either the van GenuchtenMualem equation, or the van Genuchten-Burdine equation to determine the van
Genuchten-Mualem parameters or the van Genuchten-Burdine parameters, respectively.
The van Genuchten-Mualem and the van Genuchten-Burdine equations differ in the
relation between N and M as indicated in Chapter 2.
The van Genuchten equation is:
(3.1)

Se = (1+ (α*hc)N)-M
Where:
Se is the effective wetting phase saturation
α is a van Genuchten parameter defined previously
N is a van Genuchten parameter defined previously
hc is the capillary pressure head
M= 1-2/N for Burdine, and M= 1-1/N for Mualem

Moisture Characteristic Curves: API Database
The measured moisture characteristic curves are the base on which the vG’s
parameters in the database are determined. A number of the measured moisture
characteristic curves in the API Database are illustrated in Figures 3.13 to 3.16 based on
soil type. Each of figures 3.13 to 3.16 shows lot of scatter among the characteristic curves
corresponding to each of the soil types. These figures indicate that predicting the values
of the van Genuchten parameters based on soil type may lead to inaccurate estimates.
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However, few differences among the different soil types can be observed as explained
thereafter. Figures 3.13 and 3.14 illustrate the moisture characteristic curves of SP and
SW, respectively. These two figures indicate that SP and SW have similar moisture
characteristic curves. SP and SW are both coarse-grained sand with less than 5 % of
weight particles passing sieve # 200 which corresponds to clay particle size. Moisture
characteristic curves of SM are illustrated in Figure 3.15. The moisture characteristic
curves corresponding to SM overlap with those corresponding to SP and SW. However,
larger variability exists among the curves corresponding to SM. This conclusion is
supported by the fact that SM sand has clay size particles in a percentage of weight that
can vary between 12 % and 50 %. SM moisture characteristic curves overlap with both
the SP and SW curves and the ML curves. The ML moisture characteristic curves,
illustrated in Figure 3.16, show distinct behavior from the SP and SW curves, and overlap
with the curves corresponding to SM.

API Database: SP Soil Type
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Figure 3.13: Moisture Characteristic Curves for SP Soil Type at the API Database.
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API Database: SW Soil Type
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Figure 3.14: Moisture Characteristic Curves for SW Soil Type at the API Database.

API Database: SM Soil Type
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Figure 3.15: Moisture Characteristic Curves for SM Soil Type at the API Database.
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API Database: ML Soil Type
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Figure 3.16: Moisture Characteristic Curves for SP Soil Type at the API Database.

Variability of Alpha α (ft-1)
Alpha α (ft-1) is one of the two vG’s parameters that control the shape of the
water retention curve. van Genuchten α qualitatively describes the largest connected pore
size. Typically, higher values of α correspond to a smaller capillary fringe thickness
above the water table and smaller size of the largest pores in a sample.

Variability within Each Site
The values of the alpha (α) parameter for different soil types overlap. All the
observed alpha (α) values in the API database are lower than 1.5 ft-1. At some sites, i.e.,
sites 13, 17 and 20, the latest illustrated in Figure 3.17, alpha (α) values corresponding to
ML cover most of the range of values observed at each of these sites. Nonetheless, low
alpha (α) values corresponding to ML are more abundant. At most of the sites, ML alpha
(α) values tend to be the smallest, followed by SM, followed by SW and SP. The last
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two, SW and SP, tend to show relatively high alpha (α) values at some sites, i.e., sites 20
(Figure 3.13) and 21.
Based on the API database, the variability in the alpha (α) values at a single site is
expected to be significant even within the same soil type. The alpha (α) values from
different soil types at a same site overlap. All the observed alpha (α) values tend to be
small. If one or few measurements of alpha (α) are available at a site, it is not necessary
that these measurements describe the whole layer due to the noticeable heterogeneity
observed in most layers.
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Figure 3.17: Histogram of the Values of the van Genuchten α Measurements
Corresponding to Site 20 from the API Database.

Variability within Each Soil Type
The averages of the alpha (α) values for the SM, SP, and SW soil categories
available in the API database are similar. These averages vary between 0.67 and 0.85 ft-1
as illustrated in Table 3.13. The average of the alpha (α) values corresponding to ML is
smaller and is equal to 0.3 ft-1. The standard deviations, and thus the c.o.v. values, for
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each of the soil types are large. The Coefficients of Variations for the various soil types
varies between 0.60 and 1.40. These statistics are illustrated in Table 3.13.
Knowing the soil type is a weak indicator to get a precise estimation of alpha (α)
values. For instance, the alpha (α) values for a SW in the database vary between 0.1 and
2.4 ft-1 as illustrated in Figure 3.18. Similarly, SM and SP show large variability in the
alpha (α) values as illustrated in Figures 3.19, and 3.20. ML shows the least variability
and tends to have low alpha (α) values as illustrated in Figure 3.121. Knowing the soil
type is a weak indicator for the alpha (α) value based on the data from the API database.
VG_alpha (ft-1)
COV
Number

Min

Max

Type

Mean

Std

ML
SM
SP
SW

0.30

0.2105

0.70

38

0.01

1.06

0.85

1.1744

1.39

23

0.06

5.70

0.67

0.3817

0.57

16

0.16

1.69

0.72

0.6917

0.96

11

0.10

2.39

Table 3.13: Statistical Summary Grouped based on the Soil Type for the van Genuchten
α Measurements from the API Database.
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Figure 3.18: Histogram of the Values of the van Genuchten α Measurements
Corresponding to Soil Type SW from the API Database.
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Figure 3.19: Histogram of the Values of the van Genuchten α Measurements
Corresponding to Soil Type SM from the API Database.
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Figure 3.20: Histogram of the Values of the van Genuchten α Measurements
Corresponding to Soil Type SP from the API Database.
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Figure 3.21: Histogram of the Values of the van Genuchten α Measurements
Corresponding to Soil Type ML from the API Database.

Van Genuchten N
Another empirical parameter in the vG equation is N, which qualitatively
describes the pore size distribution of the soil. Narrow pore size distributions correspond
to higher values of van Genuchten N. Lower values of van Genuchten N correspond to
broader pore size distributions.
Hypothetically, higher values of N should be common in coarser or well sorted
soils, whereas lower values of N should be common in fine-grained or poorly sorted soils.

Variability within Each Site
The values of the N parameter for different soil types overlap. At the same site,
and for the same soil type, the N values based on one sample may be 4 times larger than
the N value based on another sample, as is the case in Site 20 for ML. At Site 20, the N
values for ML varies between 1 and 4.5 as illustrated in Figure 3.22. Low N values
corresponding to ML at many sites, i.e. sites 13, 17, 20, 21. At most of the sites, N values
65

corresponding to ML tend to be the smallest, followed by SM, i.e. Sites 13, 17 and 20.
The number of measurements for the N values available at all the sites is 98.
Based on the API database, the variability in the N values at a single site is
expected to be significant even within the same soil type. The variability may be due to
the fact that the boundaries of the layers are not well defined. If one or few measurements
of N are available at a site, it is not necessary that these measurements describe the whole
layer due to the noticeable heterogeneity observed in most layers.
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Figure 3.22: Histogram of the Values of the van Genuchten N Measurements
Corresponding to Site 20 from the API Database.

Variability within Each Soil Type
There is a strong similarity among the values of N coming from samples from all
the different soil types available at the API database. The averages of the N values for the
SM, SP, and SW soil categories are close. These averages vary between 2.2 and 2.7 as
illustrated in Table 3.14. The average of the N values corresponding to ML is not
significantly smaller and is equal to 1.82. SW has the largest standard deviation (1.35)
and Coefficients of Variation (0.50). SP has the smallest standard deviation (0.45) and
66

Coefficients of Variation (0.20). ML and SM have Coefficients of Variations of 0.34 and
0.27, respectively. These results are illustrated in Table 3.14.
The distributions of the N values for ML and SM seem to peak at N values close
to the lower bound for each of the two soil types, as illustrated in Figures 3.23 and 3.24,
respectively.
Knowing the soil type is a weak indicator to get a precise estimation of the N
values. For instance, the N values for a SW in the database can be any number between
1.2 and 5.5. Similarly, ML, SM, and SP have large ranges of N values at all the sites.
VG_N
COV
Number

Min

Max

Type

Mean

Std

ML
SM
SP
SW

1.82

0.6147

0.34

38

1.20

4.50

2.21

0.5920

0.27

23

1.40

3.83

2.29

0.4763

0.21

16

1.53

3.18

2.70

1.3695

0.51

11

1.20

5.54

Table 3.14: Statistical Summary Grouped based on the Soil Type for the van Genuchten
N Measurements from the API Database.
API Database: ML

Frequency

14
12
10
8
6
4
2
0
1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

N

Figure 3.23: Histogram of the Values of the van Genuchten N Measurements
Corresponding to Soil Type ML from the API Database.
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API Database: SM
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Figure 3.24: Histogram of the Values of the van Genuchten N Measurements
Corresponding to Soil Type SM from the API Database.

Irreducible (residual) water saturation Swr (%)
Variability within Each Site
The values of the Swr parameter for different soil types overlap. At the same site,
and for the same soil type, the Swr values vary a lot and over a wide range. This is
particularly noticeable for the Swr values of ML, for instance at Sites 20 and 21. At Site
20, the Swr values of ML varies between 15 % and 70 % as illustrated in Figure 3.25. At
Site 21, they vary between 30 % and 75 %. The Swr values corresponding to SM also
show large variability. For instance, the residual saturation at Site 2 of the SM soils varies
between 10 % and 60 %. At some sites, the Swr values for SW are close to the lower
bound as in Site 2. At other sites, the Swr values for SW are close to the upper bound as in
Site 13 illustrated. Few measurements are available for the Swr values of the SP soil type.
Thus at most of the sites, just two or three measurements are available for the residual
saturation of SP and the variability is small, i.e., Sites 2, 16 and 17. More measurements
of the residual saturation of SP are available at Site 15 illustrated in Figure 3.26. The
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residual saturation values of SP at Site 15 are distributed all over the range of residual
saturation values at this site. However, this range is not very large, and it is bounded by
10 % and 35 %.
At most of the sites, Swr values corresponding to ML and SM overlap and tend to
be the smallest, particularly at Sites 13, and 21.
Based on the API database, the variability in the Swr values at a single site is
expected to be significant even within the same soil type. Estimating the value of Swr
based on the soil description will lead to non-reliable results. A large overlap exists
among the Swr values of the various different soil types. Determining the Swr value at the
various locations on a site based on few measurements is not trustworthy.
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Figure 3.25: Histogram of the Values of the Irreducible Water Saturation Swr (%)
Measurements Corresponding to Site 20 from the API Database.
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API Database: Site 15
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Figure 3.26: Histogram of the Values of the Irreducible Water Saturation Swr (%)
Measurements Corresponding to Site 15 from the API Database.

Variability within Each Soil Type
The averages of the Swr values for the SP, and SW soil categories available in the
API database are almost equal and have values close to 20% as illustrated in Table 3.15.
The standard deviations corresponding to these soils (SP and SW) are relatively low. The
standard deviation of the Swr values for SP is 12 %, and that of SW is 15 %,
corresponding to Coefficient of Variations of 0.60 and 0.75, respectively. The Swr values
corresponding to SP and SW vary between almost 0 % to almost 50 % and they show
similar distributions. The case of SP is illustrated in Figure 3.27.
The average Swr values for SM are bigger compared to SP and SW, and its
standard deviation is still larger resulting in a Coefficient of Variation equal to 0.78. ML
has the largest average and standard deviation for the Swr values with values of 46 % and
23 %, respectively. The measurement of Swr in the API database corresponding to the ML
soil varies from almost 0 % to almost 80 %. The distribution of the residual saturations of
ML is illustrated in Figure 3.28.
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The distributions of the Swr values for all the observed soil types are random as
illustrated in Figures 3.27 and 3.28. Knowing the soil type is a weak indicator to get a
precise estimation of the Swr values.

Type

Mean

Std

VG_S rw
COV
Number

ML
SM
SP
SW

46%

23%

0.49

29%

23%

19%
20%

Min

Max

38

0.50%

76.50%

0.78

23

1.01%

83.30%

12%

0.60

16

4.20%

48.60%

15%

0.75

11

2.00%

45.00%

Table 3.15: Statistical Summary Grouped based on the Soil Type for the Irreducible
Water Saturation Measurements from the API Database.
API Database: SP
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Figure 3.27: Histogram of the Values of the Irreducible Water Saturation Measurements
Corresponding to Soil Type SP from the API Database.
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Figure 3.28: Histogram of the Values of the Irreducible Water Saturation Measurements
Corresponding to Soil Type ML from the API Database.

Permeability
Both hydraulic conductivity and intrinsic permeability are a measure of the ability
of the soil to transmit fluids. While the hydraulic conductivity depends on the nature of
the fluid, the intrinsic permeability is ideally independent of the nature of the fluid
flowing through the soil. The intrinsic permeability of clay minerals may be influenced
by the nature of fluid flowing through the soil.
Intrinsic permeability is a major property necessary to estimate the potential for
LNAPL migration and recoverability at a site. Permeability is defined by units of length
squared (e.g., cm2; ft2; milliDarcies = 10-15 m2). Hydraulic conductivity is defined by
units of length per time (e.g., cm/sec; ft/day) and is used more commonly than the
permeability. A higher permeability or conductivity, other parameters being the same,
indicates a greater ability to transmit water and LNAPL.
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Methods of Measurement
Permeability and hydraulic conductivity can be measured in the laboratory, i.e.
permeameter tests, or in the field, i.e. slug and pump tests. Constant head and falling head
permeameters can be used. It is important to maintain the integrity of the sample when
performing laboratory tests.

Variability within Each Site
The values of the permeability for different soil types overlap. However, there is a
noticeable tendency for the permeability of ML to be toward the lower bound and for the
permeability of SP to be toward the upper bound.
At a single site, the variability in the permeability of ML varies within three
orders of magnitude, i.e. Site 20 as illustrated in Figure 3.29. At other sites, the variability
in the permeability of ML varies within two orders of magnitude, i.e. Site 13, and Site 17
illustrated in Figures 3.30.
The variation in the permeability of SM is smaller than that in ML and is within
two orders of magnitude at two of the sites, i.e. Sites 2 and 17 (Figure 3.30). The
variation in the permeability of SM is within one order of magnitude at two other sites,
i.e. Sites 13 and 20 (Figure 3.29).
The variation in the permeability of SP is within one order of magnitude at the
sites where multiple measurements exist, i.e. Site 15, illustrated in Figure 3.31, and Site
16.
The variability in the permeability of SW is remarkably small where there are
many measurements at the same site, i.e. Sites 13 and 15 (Figure 3.31).
Based on the API database, the significance of the variability in the permeability
values at a single site within the same soil type is different for the various soil types.
Estimating the value of the permeability based on the soil description and few
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measurements at the site will lead to non-reliable results if the soil is ML or SM, and to
reliable results if the soil is SP or SW.
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Figure 3.29: Histogram of the Values of the Permeability Measurements Corresponding
to Site 20 from the API Database (Notice the X-Axis).
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Figure 3.30: Histogram of the Values of the Permeability Measurements Corresponding
to Site 17 from the API Database (Notice the X-Axis).
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API Database: Site 15
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Figure 3.31: Histogram of the Values of the Permeability Measurements Corresponding
to Site 15 from the API Database (Notice the X-Axis).

Variability within Each Soil Type
The variability in the permeability is large for all the soil types available in the
API database. The permeability of ML and SM from all the sites varies within three
orders of magnitude as illustrated in Figures 3.32 and 3.33, respectively. The
permeability of SP and SW from all the sites varies within two orders of magnitude as
illustrated in Figures 3.34 and 3.35, respectively. The permeabilities of ML and SM
overlap over a large range as illustrated by comparing Figures 3.32 and 3.33. The
permeabilities of SP and SW overlap as illustrated by comparing Figures 3.34 and 3.35.
Based on the analysis of the data in the API database, the variability in the
permeability values within the same soil type is large when data from different sites are
combined. This rule applies to all the soil categories observed in the API database.
Estimating the value of the permeability based on the soil description without
measurements at the site will lead to non-reliable results for all the soil types examined in
this section.
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Figure 3.32: Histogram of the Values of the Permeability Measurements Corresponding
to Soil Type ML from the API Database (Notice the X-Axis).
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Figure 3.33: Histogram of the Values of the Permeability Measurements Corresponding
to Soil Type SM from the API Database (Notice the X-Axis).
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API Database: SP
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Figure 3.34: Histogram of the Values of the Permeability Measurements Corresponding
to Soil Type SP from the API Database (Notice the X-Axis).
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Figure 3.35: Histogram of the Values of the Permeability Measurements Corresponding
to Soil Type SW from the API Database (Notice the X-Axis).
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CORRELATION BETWEEN THE SOIL PROPERTIES
In this section, the possibility of an existing correlation between the different soil
parameters used in the Heterogeneous Environment LNAPL Recovery Model (HELRM)
to estimate the LNAPL recoverability is examined. If a correlation exists, it should be
taken into account when examining different scenarios of soil stratigraphy.
The large variability in the values of each of these parameters for each soil type
within each site, and the lack of correlation among the parameters indicates that a random
mix of properties may exist at each location.

Van Genuchten Parameters Correlations
Van Genuchten Alpha and Van Genuchten N
The van Genuchten alpha (α) qualitatively describes the largest connected pore
sizes. N qualitatively describes the pore size distribution of the soil. Alpha α (ft-1) is one
of the two vG’s parameters that control the shape of the water retention curve. Typically,
higher values of α correspond to a smaller capillary fringe thickness above the water
table. Often, coarser soils have larger pore sizes, while fine-grained soils have smaller
pore sizes.
Another empirical parameter in the vG equation is N, which qualitatively
describes the pore size distribution of the soil. Narrow pore size distributions correspond
to higher values of van Genuchten N. Lower values of van Genuchten N correspond to
broader pore size distributions. Often, coarser soils are more likely to be sorted and finegrained are more likely to be poorly sorted.
Theoretically, higher values of N should be common in coarser and well sorted
soils, whereas lower values of N should be common in fine-grained and poorly sorted
soils.
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Based on the description above, larger values of N should correspond to larger
values of alpha. Also, ML, which has a higher fraction of fine grains, should have larger
alphas and lower N’s. This is not observed in Figure 3.36 illustrating the data from the
API database. No correlation is observed between van Genuchten alpha and N.
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Figure 3.36: Correlation between the van Genuchten α and N based on the Data from the
API Database.

Van Genuchten Parameters and Residual Saturation ( Swr)
A small negative correlation is observed between the residual saturation of a soil
and the van Genuchten alpha values. According to the concept of wettability, the smallest
pore size will be occupied by the wetting phase (water in this case) and the largest pore
size will be occupied by the non-wetting phase. Based on the Laplace equation (p= (2 σ
cos θ)/r), higher capillary pressure is required to pull water from of the smaller pores.
Thus, it is more difficult to drain a soil with a high frequency of small pore sizes. A
smaller value of alpha reflects a smaller largest connected pore size. Thus alpha describes
the magnitude of the largest pores in the soil structure. Alpha values can suggest that pore
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sizes cannot exceed a certain size. However, alpha doesn’t tell much about the smallest
pores in the soil structure. Thus it is difficult to establish causality between a large alpha
and a small saturation. However, this correlation can be justified by the assumption that if
the largest pore size in a soil is smaller than the largest pore size in another soil, the
smallest pores in the first soil are likely to be smaller than those in the second soil. This
assumption is justified in the case of the data from the API database by Figure 3.37 that
illustrates the correlation between van Genuchten N and the residual saturation. In Figure
2.37, a small correlation can be seen between large N values and small residual saturation
values. This indicates that the small residual saturations correspond to the soils with
narrow pore size distributions. Figure 3.38, illustrating the correlation between van
Genuchten alpha and the residual saturation, indicates that these same soils have a higher
alpha values and thus a larger largest pore. It can be concluded that the soils in the API
database that have a larger largest pore also have a narrower distribution of pore sizes;
thus, these soils have a smaller residual saturation.
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Figure 3.37: Correlation between the van Genuchten N and the Irreducible Water
Saturation Swr (%) based on the Data from the API Database.
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Figure 3.38: Correlation between the van Genuchten α and the Irreducible Water
Saturation Swr (%) based on the Data from the API Database.

Van Genuchten Parameters and Porosity
There is no observed correlation between the effective porosity and the van
Genuchten parameters. The total porosity generally increases with decreasing grain size;
the effective porosity generally decreases with decreasing grain size. A smaller value of
alpha reflects a smaller largest connected pore size. Thus a smaller value of alpha
coupled with a large value of N is expected to be correlated to a smaller effective
porosity. Figure 3.39 indicates no correlation between the van Genuchten alpha and
porosity. Similarly, Figure 3.40 indicates no correlation between van Genuchten N and
effective porosity. This can be explained by the fact that a smaller largest connected pore
size (reflected by a small alpha) is not necessary coupled with smaller smallest pore size.
A soil with a small alpha, and thus a smaller largest pore, can have a narrow pore size
distribution reflected by a higher N. This soil may have a larger effective porosity than a
soil described by a larger largest pore size (large alpha) and a large pore size distribution
(large N).
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Figure 3.39: Correlation between the van Genuchten α and the Effective Porosity based
on the Data from the API Database.
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Figure 3.40: Correlation between the van Genuchten N and the Effective Porosity based
on the Data from the API Database.
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Van Genuchten Parameters and Permeability
There is an observed correlation between the permeability and the van Genuchten
parameters. A larger value of alpha reflects a larger largest connected pore size. Thus a
larger value of alpha coupled with a large value of N reflects abundance in larger pore
sizes. Figure 3.41 and 3.42 indicate correlation between the permeability and both the van
Genuchten alpha and N. This result is rational since larger pore sizes reflect greater
easiness for the fluid to flow in the soil and thus a larger permeability.
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Figure 3.41: Correlation between the van Genuchten α and the Permeability based on the
Data from the API Database.
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API Database: Data from All Sites
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Figure 3.42: Correlation between the van Genuchten N and the Permeability based on the
Data from the API Database.

Effective Porosity and Permeability
Although a positive correlation is expected between the effective porosity and
permeability, the data from the API database show no correlation. This observation,
illustrated by Figure 3.43, applies to the correlation between effective porosity and
permeability within the same soil type or across the various soil types.
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Figure 3.43: Correlation between the Porosity and the Permeability based on the Data
from the API Database.
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CONCLUSIONS
The data presented in this chapter indicates that a high degree of heterogeneity in
terms of soil and contaminating LNAPL exists at most of the sites described in the API
database. The variability in the sites described in the API database is assumed to reflect
the variability at other sites, or at a generic site.
Based on the presented data, the following can be concluded:
1. In most of the cases, a high variability exists in the soil and LNAPL properties used
to predict the recoverability of LNAPL within one site, and/or within one type of soil
or LNAPL. The tables and charts presented within the chapter quantify this
variability. In particular, several observations made in the chapter are presented
hereafter:
•

The vG’s parameters show a large variability within each soil type. In addition,
the characteristic curves corresponding to soil types of SP, SW, SM, and ML
overlap. The overlaps are more significant between SP and SW on one side, and
SM and ML at the other side. The vG’s parameters corresponding to SM seem as
a transition between ML and the coarse sands’ properties (SP and SW).

•

The variability in the porosity measurements is significant even within the same
layer. The porosity measurements of the various soil types overlap. The same
conclusion applies to the soil bulk density.

•

The values of the permeability for different soil types overlap. However, there is a
noticeable tendency for the permeability of ML to be toward the lower bound and
for the permeability of SP to be toward the upper bound. The variability in the
permeability is large for all the soil types available in the API database. For
instance, the permeability of ML and SM from all the sites varies within three
orders of magnitude.
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•

The variability in the LNAPL density at each site is small. Similarly, the
variability of LNAPL density within the same LNAPL classification among
different sites is small.

•

The variability in the LNAPL viscosity measurements is large both at the same
site or the same LNAPL type.

2. The estimation of the values of the properties of the soil or LNAPL based on the soil
or LNAPL type description, respectively, often cannot guarantee accurate results.
This conclusion is based on the observations summarized in the preceding bullet.
3. The presence of few measurements of a property at a site cannot guarantee an
accurate determination of the property values at other locations within the site.
The conclusions developed in this chapter suggest that using a single scenario at
each location in a site to predict the recoverability at that location would be misleading.
Multiple scenarios should be considered at each site and the results should be presented
in term of a distribution (probably a mean and a standard deviation), or an envelope that
enclose the various possible scenarios. In addition, the data presented in this chapter
suggest that advanced (finite element) models provide an illusive sense of accuracy since
the main problem would be to acquire the measurements that describe the threedimensional and time dependent soil-LNAPL environment at the accuracy that justify the
use of these models.
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Chapter 4: LNAPL Recovery Model in a Heterogeneous Environment:
Sensitivity Analysis
INTRODUCTION
This chapter includes an analysis of the sensitivity of the LNAPL transmissibility
(Tn), described as the potential for LNAPL recovery, and the water transmissibility (Tw),
described as the potential for water production, to the variation in the soil, LNAPL, and
design parameters.
The potential for LNAPL recovery (Tn) and the potential for water production
(Tw) are calculated using the Heterogeneous Environment LNAPL Recovery Model
(HELRM) which is based on the same theories as the “American Petroleum Institute,
LNAPL Distribution and Recovery Model (API_LDRM)” developed by Charbeneau
(Charbeneau, 2006). A review of the theoretical background for the Heterogeneous
Environment LNAPL Recovery Model (HELRM) is presented in Chapter 2. Calculations
are performed using Excel® as the interface, and visual basic macros are used to perform
the main calculations and integrations required.
The model formulation used in this study has the capability to deal with vertical
heterogeneity. It allows the use of up to fourteen different soil layers with different
thicknesses and properties. It also allows the specifications of different properties for the
top and bottom of each layer. In this last case, the value used for each property is a linear
interpolation between the values of this property at the top and bottom of the layer. The
model allows the user to specify the length of the screen of the well, the location of its
top, and/or the location of its bottom.
This chapter illustrates and analyzes the influence of HELRM to the various
parameters used in it. Also, it illustrates HELRM capability to account for vertical
heterogeneity and shows the significance of this capability. HELRM output is also used
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to quantify the influence of the vertical heterogeneity and the water table elevation on the
efficiency and rate of LNAPL recovery.
In the first part of the chapter, a homogeneous soil environment is assumed and
the sensitivity of HELRM output to the change in each of the parameters is observed. In
the second part of the chapter, a soil environment of two different layers is used. The
sensitivity of HELRM output to the position of the screen is observed in this case. In the
third part of this chapter, the influence of a layer of clay or sand in the formation on the
recovery effort is quantified. Also, the linear change in the soil properties across each
layer is considered. The outcomes of these scenarios are compared to the case where less
vertical heterogeneity is considered. The results are used to asses the value of the added
capability to account for vertical heterogeneity.

MAIN PARAMETERS USED IN THE HETEROGENEOUS ENVIRONMENT LNAPL
RECOVERY MODEL (HELRM)
A schematic of a multiphase recovery well is illustrated in Figure 1.1. The
parameters used in the model to estimate the recovery of LNAPL are introduced in
Chapter 2. As indicated in Chapter 2, these parameters are divided into three categories
as detailed thereafter:
1. Soil parameters: porosity, hydraulic conductivity, van Genuchten Alpha and N, the
water residual saturation, the saturated and vadose zone LNAPL residual saturation,
and the thickness of each layer.
2. LNAPL parameters: LNAPL density, viscosity, and interfacial tensions (LNAPLwater, air-LNAPL-air, and air-water).
3. Well parameters: The screen position (top and bottom) and length.
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HOMOGENEOUS SOIL ENVIRONMENT
The sensitivity of the potential of LNAPL recovery to the various parameters used
in HELRM is analyzed in this section. The same generic soil profile, named as Soil
Example A, is considered as a base line for all the sensitivities accomplished. For the
sensitivity of HELRM outcome to each of the parameters, all the other parameters in this
generic soil are kept constant and just the specific parameter is varied.
The properties of the generic soil, Soil Example A, are given in Table 4.1 and are
illustrated in Figure 4.1.
Thickness (ft)
Soil

α

Ν

Sw r

Snrv

Snrs

0.02

0.02

Hydraulic Conductivity

-1

(ft)

(ft/Day)

(ft )

40

LNAPL

n

ρr

0.45

0.1

3.5

0.25

µr

σaw

σan

σnw

centipoise (cP) (dyne/cm) (dyne/cm) (dyne/cm)
1.5
65
25
15

0.8

Table 4.1: Properties of the Generic Soil Profile, Soil Example A.
Generic Soil Profile, Soil Example A
5 ft

Well
Soil Surface
Well Screen

20 ft

Layer 1:
n = 0.45
-1
α = 0.1 ft
N = 3.5
Swr = 0.25
Snrv = Snrs = 0.02

40 ft

K = 3 ft/Day

Original Water Level

40 ft
15 ft

Interface between the Soil Layers
5 ft

Figure 4.1: Generic Soil Profile: Soil Example A.
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Layer 2

3

The screen is chosen to be long enough so it doesn’t interfere with the results, i.e.
a screen of 40 ft for an LNAPL specific volume of 0.4 ft. The same applies to the location
of the water table chosen to be at the middle of the screen.
Even thought the displayed results correspond to Soil Example A, during the
analysis some alterations of this profile were considered. The purpose was to check the
consistency in the behavior of the sensitivity of the model to the parameters of interests at
various soil environments and specific volumes. The charts from these cases are not
illustrated in this chapter unless a different behavior is observed for the other generic soil
environments.

Soil Parameters
van Genuchten Alpha
Potential for LNAPL Recovery (Tn):
The potential for LNAPL recoverability (Tn) increases as Alpha increases. The
increase in the potential for recoverability is large within the range of observed values of
Alpha. The trend in the increase in the potential for recoverability is similar for the
various LNAPL specific thicknesses. A larger Alpha reflects larger “largest pore sizes” in
the soil. LNAPL has a tendency to occupy the larger pore sizes while water occupies the
smaller pores. Thus, the presence of larger large pore sizes indicates that the LNAPL is
within larger pores and thus is freer to move. Larger Alpha indicates a larger potential for
LNAPL recoverability if the other parameters are the same. This is illustrated in Figure
4.2 by the open symbols corresponding to the x-axis and the y-axis to the left.
The filled symbols plotted relative to the x-axis and the right side y-axis in Figure
4.2 illustrates the sensitivity of the thickness of LNAPL observed at a nearby well to the
change in Alpha. The presence of larger pores, reflected by larger Alphas, reduce the
thickness over which LNAPL is present in the formation near the well. A larger LNAPL
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saturation over a smaller vertical distance corresponds to the case of a larger Alpha.
Figure 4.2 illustrates that the Observed LNAPL thickness at the well decreases as the
values of Alpha increases. This behavior is observed for all the LNAPL specific
thicknesses and is supported by the logic presented before.
A soil with a larger Alpha will correspond to a smaller observed thickness at the
well and a higher LNAPL recoverability. Thus, a large LNAPL thickness at a well is not
necessary reflective of a large LNAPL specific thickness in the formation or a large
potential for LNAPL recoverability.

Behavior of the LNAPL Recovery Model for Soil
Example A

Tn (ft^2/d)

1

Tn for D = 0.1 ft
Tn for D = 0.8 ft
bn for D = 0.4 ft

Tn for D = 0.4 ft
bn for D = 0.1 ft
bn for D = 0.8 ft

18
16
14

0.8

12
10

0.6

8

0.4

6
4

0.2
0
0.001

Thickness at the Well:
bn (ft)

1.2

2
0
0.01

0.1

1

10

Alpha α (ft-1)

Figure 4.2: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten α on the Potential for
LNAPL Recovery and the LNAPL Thickness at the Well for Certain
LNAPL Specific Volumes.
Potential for Water Production (Tw):
The potential for water production decreases as Alpha increases. This behavior is
illustrated by the open symbols in Figure 4.3 plotted versus the x-axis and the left y-axis.
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The change in the potential for water production is more significant for larger LNAPL
specific thickness than for smaller LNAPL specific thickness.
Water occupies the small pores, while LNAPL occupies the larger pores. Large
values of Alpha correspond to larger pores. Thus, the presence of water will not prohibit
LNAPL from accumulating at high saturation within the large pores. For this case, the
relative saturation of water is smaller and thus its relative permeability is smaller. This
fact results in smaller potential for water production. An example of the saturation
profiles of LNAPL and of water due to a LNAPL specific volume of 0.4 ft is illustrated in
Figure 4.4. The LNAPL saturations corresponding for an Alpha of 2 ft-1 are larger in
values and distributed over a shorter span compared to the ones corresponding for an
Alpha of 0.01 ft-1. An increase in the LNAPL saturation corresponds to a significant
increase in the relative permeability of LNAPL and thus in the potential for recoverability
of LNAPL. On the other hand, the water saturations corresponding to an Alpha of 2 ft-1
are lower than those corresponding to an Alpha of 0.01 ft-1. Thus the potential for water
production is lower for higher Alpha values.
The decrease in the LNAPL thickness at a nearby well corresponding to an
increase in the values of Alpha was explained before. The plots in Figure 4.3 illustrate
that for two locations with different Alphas, all other parameters been the same, a
decrease in the observed LNAPL thickness at the well indicates a decrease in the
potential water recovery.
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N = 3.5

100
95

D = 0.4 ft
bn for D = 0.1 ft
bn for D = 0.8 ft

18
16
14

Tw (ft^2/d)

90

12

85

10

80

8

75

6

70

4

65

2

60
0.001

Thickness at the Well:
bn (ft)

D = 0.1 ft
D = 0.8 ft
bn for D = 0.4 ft

0
0.01

0.1

1

10

Alpha α (ft-1)

Figure 4.3: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten α on the Potential for
Water Production and the LNAPL Thickness at the Well for Certain LNAPL
Specific Volumes.

Homogeneous Soil: Saturation Profiles for
Different Alphas

Depth Relative to the
Original Water Table (ft)

20

Sw: Alpha = 0.01 ft^-1
Sw: Alpha = 2 ft^-1
Sn: Alpha = 0.01 ft^-1
Sn: Alpha = 2 ft^-1

15
10
5
0
-5

0%

20%

40%

60%

80%

100%

-10
-15
Saturation (%)

Figure 4.4: Comparison of the Saturation Profiles for LNAPL and Water at Two
Different Values of van Genuchten α.
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Efficiency of LNAPL Recovery (Tn/Tw):
The change in the values of the efficiency of LNAPL recovery (Tn/Tw) due to the
change in Alpha can be foreseen from the change in Tn and Tw due to the change in
Alpha. Since Tn increases and Tw decreases due to an increase in the Alpha values, the
ratio of Tn/Tw increases quickly due to an increase in the Alpha values. Figure 4.5
illustrates this behavior. Thus, there is a potential for a higher efficiency in the recovery
of LNAPL for higher values of Alpha.

Behavior of the LNAPL Recovery Model for Soil
Example A
D = 0.1 ft
D = 0.8 ft
bn for D = 0.4 ft

D = 0.4 ft
bn for D = 0.1 ft
bn for D = 0.8 ft

18
16

Tn / Tw

0.016
0.014

14
12

0.012
0.01
0.008

10
8
6

0.006
0.004
0.002
0
0.001

4
2

Thickness at the Well:
bn (ft)

0.02
0.018

0
0.01

0.1

1

10

-1

Alpha α (ft )

Figure 4.5: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten α on the Tn/Tw Ratio and
the LNAPL Thickness at the Well for Certain LNAPL Specific Volumes.
For all the soil parameters, except Alpha, being the same, and for the same
LNAPL specific volume, a smaller LNAPL thickness at the well corresponds to a higher
potential for a more efficient LNAPL recovery. This case is illustrated in Figure 4.6. In
this case, a higher thickness at the well corresponds to a smaller Alpha, and thus to
smaller largest pore in this soil environment compared with a soil with a larger Alpha,
and thus for a lower potential for LNAPL productivity.
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Tn / Tw

Behavior of the LNAPL Recovery Model for Soil
Example A
Alpha α (ft-1)

0.02
0.018
0.016
0.014
0.012
0.01
0.008
0.006
0.004
0.002
0

D = 0.1 ft
D = 0.4 ft
D = 0.8 ft

0

5

10

15

20

Thickness at the Well: bn (ft)

Figure 4.6: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well at
Different LNAPL Specific Volumes and at different Alpha Values.

van Genuchten N:
A higher value of N is associated with a narrower distribution of pore sizes. Thus
the effect of N cannot be interpreted independently of the value of Alpha. A large N with
a small Alpha indicates abundance in small pores, while a large N with a large Alpha
indicates abundance in large pores.

Potential for LNAPL Recovery (Tn):
The potential for LNAPL recovery reflected by Tn increases as N increases. The
rate of increase starts to decrease after a certain large value of N depending on the
LNAPL specific volume available in the formation and on the Alpha value as illustrated
in Figure 4.7 by the open symbols. The increase in LNAPL recovery due to the increase
in N is accompanied with a decrease in the observed LNAPL thickness at the well as
illustrated by the filled symbols in Figure 4.7. For a high Alpha value and a high N value,
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there is abundance in large pores and thus more potential space for LNAPL which usually
occupy the large pores. Thus the volume of LNAPL will accumulate within a shorter
vertical distance in the formation but at a higher saturation compared to the case where
there is abundance in small pores. A higher saturation of LNAPL corresponds to a higher
relative permeability and thus to a higher potential for LNAPL recovery. The asymptotic
level is reached when there are enough large pore spaces to host the LNAPL within a
short vertical interval and at saturation large enough to allow relatively large relative
permeability. The influence of N is larger when a larger specific volume of LNAPL
exists in the formation as illustrated in Figure 4.8. Also, when a larger specific volume of
LNAPL exists in the formation, the asymptotic behavior starts to appear for larger N
values.

Behavior of the LNAPL Recovery Model for Soil
Example A for Dn = 0.4 ft

0.6

a = 0.5 ft^-1
bn (ft) for a = 0.1 ft^-1
bn (ft) for a = 2 ft^-1

16
14
12

Tn (ft^2/d)

0.5

10

0.4

8

0.3

6

0.2

4

0.1

2

0

0
2

2.5

3

3.5

Thickness at the
Well: bn (ft)

a = 0.1 ft^-1
a = 2 ft^-1
bn (ft) for a = 0.5 ft^-1

0.7

4

N

Figure 4.7: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten N on the Potential for
LNAPL Recovery and the LNAPL Thickness at the Well for various van
Genuchten α values.
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Behavior of the LNAPL Recovery Model for Soil
Example A

Tn (ft^2/d)

0.9
0.8

D = 0.1 ft

0.7

D = 0.4 ft

0.6

D = 0.8 ft

0.5
0.4
0.3
0.2
0.1
0
2

2.5

3

3.5

4

N

Figure 4.8: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten N on the Potential for
LNAPL Recovery for Certain LNAPL Specific Volumes.

Potential for Water Production (Tw)
Increasing the N values leads to a small increase in the potential for water
production, depending on the specific volume of LNAPL in the formation. Larger N
corresponds to a narrower distribution of pores. Figure 4.9 illustrates an example where
Alpha is equal to 0.5 ft-1. An Alpha of 0.5 ft-1 corresponds to non-small largest pore sizes.
Figure 4.9 illustrates that the influence of N on the potential for water production is small
for large LNAPL specific volumes in the formation. N influence becomes large when a
small volume of LNAPL contaminates the soil formation.
For large specific volumes of LNAPL, even if more large pores exist, these pores
will be preferentially occupied by LNAPL. The water will preferentially occupy the small
pores. Thus, the influence of an increase in N on the potential for water production is
significantly less than the influence of the increase in N on the potential for LNAPL
recovery.
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For small specific volumes of LNAPL, Figure 4.9 illustrates that the increase in N
will be reflected by a more noticeable increase in the potential for water production. One
explanation to this observation is that the space available within the large pores will be
more than what is needed by LNAPL. Thus, the movement of water will become easier.
Behavior of the LNAPL Recovery Model for Soil
Example A
61.6

D = 0.1 ft

61.4

D = 0.4 ft

Tw (ft^2/d)

61.2

D = 0.8 ft

61
60.8
60.6
60.4
60.2
60
59.8
2

2.5

3

3.5

4

N

Figure 4.9: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten N on the Potential for
Water Production for Certain LNAPL Specific Volumes.

Efficiency of LNAPL Recovery (Tn/Tw)
The change in Tn/Tw due to the change in N is a direct outcome of the changes in
Tn and in Tw due to the changes in N. Since, Tn increases at a faster rate than Tw as N
increases, the ratio Tn/Tw will increase as N increases. The increase in Tn/Tw is slower
than the increase in Tn. Moreover, the increase in Tn/Tw due to the increase in N
diminishes as the specific volume of the LNAPL decreases. These conclusions can be
observed as illustrated in Figure 4.10.
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Behavior of the LNAPL Recovery Model for Soil
Example A

Tn / Tw

0.016

D = 0.1 ft

0.014

D = 0.4 ft

0.012

D = 0.8 ft

0.01
0.008
0.006
0.004
0.002
0
2

2.5

3

3.5

4

N

Figure 4.10: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the van Genuchten N on the Tn/Tw Ratio for
Certain LNAPL Specific Volumes.

Porosity
Potential for LNAPL Recovery (Tn)
All the other parameters being the same, an increase in the porosity (n) will cause
a decrease in the LNAPL thickness observed at a nearby well and a decrease in the
potential for LNAPL recovery.
The porosity n is one of the parameters used to calculate the LNAPL specific
volume Dn defined in Chapter 2. The formula is given as:
z max

(4.1)

Dn (bn ) =

∫n∗S

n

( z ) ∗ dz

z nw

At a constant specific volume Dn, an increase in porosity implies a decrease in the
LNAPL saturation or/and a decrease in the LNAPL thickness. Both the decrease in the
LNAPL saturation and the decrease in the LNAPL thickness causes the potential for
LNAPL recoverability to decrease. This is illustrated in Figure 4.11.
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Behavior of the LNAPL Recovery Model for Soil
Example A
Tn for D = 0.1 ft

10

Tn for D = 0.4 ft

9
8

Tn for D = 0.8 ft

2
Tn (ft^2/d)

bn for D = 0.1 ft

7
6

bn for D = 0.4 ft

1.5

bn for D = 0.8 ft
1

5
4

0.5

3
2

0

1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Thickness at the Well:
bn (ft)

2.5

0.7

Porosity n

Figure 4.11: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Porosity on the Potential for LNAPL
Recovery and the LNAPL Thickness at the Well for Certain LNAPL
Specific Volumes.

Potential for Water Production (Tw)
The potential for water production is slightly affected by the change in the
porosity n as illustrated by the open symbols plotted against the left y-axis in Figure 4.12.
One explanation to this behavior is that the integration interval over which Tw is
calculated, in contrast to the interval over which Tn is calculated, is slightly affected by
the change in the porosity, especially if the screen extends through the saturated zone.
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Behavior of the LNAPL Recovery Model for Soil
Tw for D = 0.1 ft
Example A

Tw (ft^2/d)

10

Tw for D = 0.4 ft
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9
8

Tw for D = 0.8 ft
bn for D = 0.1 ft
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7
6

bn for D = 0.4 ft
bn for D = 0.8 ft
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58

5
4

56
54

3
2

52
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1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Thickness at the Well:
bn (ft)

70

0.7

Porosity n

Figure 4.12: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Porosity on the Potential for Water
Production and the LNAPL Thickness at the Well for Certain LNAPL
Specific Volumes.

Efficiency of LNAPL Recovery (Tn/Tw)
If the porosity is the only changing parameter, regardless of the LNAPL specific
volume at the site, the efficiency of the LNAPL recovery relative to water production is
correlated to the LNAPL thickness at the nearby well as illustrated in Figure 4.13. The
data illustrated on Figure 4.13 correspond to varying porosity values while the other soil
parameters are kept constant. This is due to two main reasons: 1- the potential for water
production is slightly affected by the change in porosity, and 2- the change in the
potential for LNAPL recovery and the change in the LNAPL thickness at the well are
mainly influenced by the same factor which is the LNAPL thickness in the formation.
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Behavior of the LNAPL Recovery Model for Soil
Example A.
Porosity n

0.04

D = 0.1 ft

0.035

D = 0.4 ft

Tn / Tw

0.03

D = 0.8 ft

0.025
0.02
0.015
0.01
0.005
0
0

2

4

6

8

10

Thickness at the Well: bn (ft)

Figure 4.13: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well
at Different LNAPL Specific Volumes and Different Porosity.

Residual Water Saturation
Potential for LNAPL Recovery (Tn)
The influence of the water residual saturation on the potential for LNAPL
recovery is small for small specific LNAPL volumes. For example, for a specific volume
of 0.4 ft, a change in the water residual saturation from 10% to 70 % reduces the potential
of LNAPL recover by half, i.e., from 0.2 ft2/d to 0.1 ft2/d as illustrated in Figure 4.14. For
larger specific LNAPL volumes, the effect of water residual saturation becomes more
significant.
The LNAPL saturation decreases as the water residual saturation increases and as
the difference between the total effective saturation and the water effective saturation
decreases. Based on Leverett assumption, the water effective saturation is correlated to
the capillary pressure between the LNAPL and water phase, while the total effective
saturation is correlated to the capillary pressure between the LNAPL and air phase. Thus
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the difference between the effective total and effective water saturations is dependent on
bn. The gain in the potential of LNAPL recoverability due to the increased length of the
mobile LNAPL interval is less significant than the loss due to the reduction in LNAPL
saturation over this interval. Thus the net result of the increase in the residual water
saturation is a decrease in the LNAPL saturation and thus a decrease in the potential of
LNAPL recovery as illustrated in Figure 4.14.

Behavior of the LNAPL Recovery Model for Soil
Example A

0.8

D = 0.1 ft

0.7

D = 0.4 ft

Tn (ft^2/d)
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D = 0.8 ft
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0.4
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Water Residual Saturation Swr

Figure 4.14: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Water Residual Saturation on the
Potential for LNAPL Recovery for Certain LNAPL Specific Volumes.
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Potential for Water Production (Tw)
The potential for water production is slightly influenced by the change in the
water residual saturation as illustrated in Figure 4.15.

Behavior of the LNAPL Recovery Model for Soil
Example A
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61.2

D = 0.1 ft
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Figure 4.15: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Water Residual Saturation on the
Potential for Water Production for Certain LNAPL Specific Volumes.
Efficiency of LNAPL Recovery (Tn/Tw)
The change in the efficiency of LNAPL recovery (Tn/Tw) due to the change in the
water residual saturation is similar to change in Tn. This is because the change in the
potential for water production due to the change in the water residual saturation is
insignificant. This is illustrated in Figure 4.16.
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Behavior of the LNAPL Recovery Model for Soil
Example A
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Figure 4.16: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Water Residual Saturation on the Tn/Tw
Ratio for Certain LNAPL Specific Volumes.
LNAPL Thickness at the Well (bn)
The influence of the water residual saturation on the observed LNAPL thickness
at a nearby well is not significant for small LNAPL specific volumes. For large LNAPL
specific volumes, when the residual water occupies a large portion of the pores, a large
thickness is needed to accommodate for the amount of LNAPL in the soil. Thus, as the
LNAPL specific volume get larger, the influence of the residual water saturation on the
observed thickness at a nearby well get larger as illustrated in Figure 4.17.
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Thickness at the Well: bn (ft)
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Figure 4.17: Correlation between the Water Residual Saturation and the LNAPL
Thickness at the Well at Different LNAPL Specific Volumes.
The same thickness may be observed at a well if a small LNAPL specific volume
contaminated a formation that has large residual water saturation, or if a large LNAPL
specific volume contaminated a formation that has small residual water saturation. Thus,
the same observed thickness at the well can correspond to two significantly different
potentials for LNAPL recovery and efficiency of recovery. This is illustrated in Figure
4.18.
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Figure 4.18: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well
at Different LNAPL Specific Volumes if the Water Residual Saturation is
the only Varying Parameter.

Residual LNAPL Saturation in the Vadose and Saturated Zones
The LNAPL residual saturations, both in the saturated zone and in the vadose
zone, have non-significant influence on the potentials for LNAPL recovery and on the
potential for water production. In addition, the variation in the LNAPL residual saturation
at a site is not expected to be large.
Adamski et al. (2003) demonstrated that the data collected from the sites
contaminated by LNAPL illustrate that the values of the LNAPL residual saturation are
correlated to the history of LNAPL contamination at the site. Since the original LNAPL
saturation at a site is often small, the residual LNAPL saturations at that site are often
small. Figure 4.19 illustrates the influence of the change of residual LNAPL saturation in
the vadose zone between 0 % and 20 % on the potential for LNAPL recovery. The
influence is insignificant for small specific volumes of LNAPL, and small for large
specific volumes of LNAPL. The influence of the LNAPL residual saturations, both in
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the saturated zone and in the vadose zone on the potential for water recovery is even
lower than the influence on the potential for LNAPL recovery. The same applies to the
efficiency of LNAPL recovery expressed by Tn/Tw.
The change in the observed thickness at the well due to the change in the residual
LNAPL saturation at the vadose zone is small and does not exceed 20 % due to a change
in the residual LNAPL saturation from 0 % to 20 %. This change due to the saturated
zone residual LNAPL saturation is larger than that due to the vadose zone residual
LNAPL saturation but is also not significant and less than 25 % due to a change in the
saturation from 0 to 20 %.
The variation in the efficiency of LNAPL recovery is linearly correlated to the
variation in the observed LNAPL thickness at the well, if just the residual LNAPL
saturation is varying. This applies for both the residual saturations in the saturated and
residual zone. The case of the vadose zone residual saturation is illustrated in Figure 4.20.
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Figure 4.19: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Vadose Zone LNAPL Residual Saturation
on the Potential for LNAPL Recovery for Certain LNAPL Specific
Volumes.
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Figure 4.20: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well
at Different LNAPL Specific Volumes if only the Residual Saturation is the
Varying Parameter.

Permeability
For a homogeneous soil layer, the permeability is a constant that can be factored
outside the integrals used to calculate the transmissibilities of LNAPL and water, i.e.,
Equations 2.27 and 2.28, respectively. Thus, both the potential for water production and
the potential for LNAPL recovery are proportional to the permeability. For a
homogeneous soil layer, the change in permeability has no effect at the efficiency of
LNAPL recovery Tn/Tw. The permeability can be factored outside of both the integrals
used to calculate Tn and Tw and then simplified from the ratio. The permeability has also
no effect on the observed LNAPL thickness at the nearby well at equilibrium.
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Oil Parameters
Surface Tension
The magnitude of the surface tension between two fluids dictates in what pore
sizes the interface between two fluids takes place depending on the capillary pressure.
The capillary pressure curves are characteristic of a certain soil occupied by a certain
fluid. The effect of the variation in surface tension is accounted for through the value of
the van Genuchten Alpha. The parameter Alpha reflects the relation between the pore
sizes and the capillary pressure. The van Genuchten N parameter reflects the distribution
of the pores sizes in the soil. Thus the parameter N is independent of the fluid type,
assuming that the pore size distribution does not depend on the fluid type (Charbeneau,
2004). The relation between the pore sizes and the capillary pressure depends on the
surface tension and thus on the fluid type. This relation is described by the Laplace
equation:
(4.2)

pc =

2 * σ * cos(θ c )
r

If the capillary pressure curve is calculated using air-water system, then the Alpha
value should be adjusted to be used in a LNAPL-water or air-LNAPL system. The
adjustment factor is the ratio of the air-water to LNAPL-water surface tensions for the
LNAPL-water system, and the ratio of the air-water to air-LNAPL surface tensions for
the air-LNAPL system. Thus, the model account for the surface tension through the
Alpha parameter.
Assuming that the capillary pressure curves are developed using an air-water
system, an increase in the air-water surface tension will cause an increase in Alpha by the
same factor for an LNAPL-water and air-LNAPL systems; for instance, doubling the airwater surface tension will double the Alpha value. For this same case, an increase in the
LNAPL-water and air-LNAPL surface tension will cause a decrease in Alpha for an
LNAPL-water and air-LNAPL systems, respectively.
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The effective water saturation depends on the water-LNAPL capillary pressure
and thus on the LNAPL-water surface tension. As a result, the change in the potential for
water production due to the change in the LNAPL-water surface tension follows the same
pattern as the change due to Alpha. In fact, the change in the LNAPL-water surface
tension will be accounted for in the model by a change in the Alpha value for the
LNAPL-water interface. A chart illustrating the effect on Tw of changing the LNAPLwater surface tension will be identical to a chart illustrating the change on Tw due to
change in Alpha, if the corresponding Alpha interval is chosen and other parameters been
kept the same.
The LNAPL saturation depends on the difference between the effective total and
effective water saturations. Thus, the potential for LNAPL recovery (Tn) depends both on
the interfacial tension for the water-LNAPL and air-LNAPL systems. Changing just one
of these two interfacial tensions will not have the same effect as changing Alpha.
Changing Alpha will be equivalent to changing proportionally both the effective total and
effective water saturations.

Air-Water Surface Tension σaw
An increase in the air-water surface tension leads to an increase in the potential
for LNAPL recovery Tn. An increase in the air-LNAPL surface tension is accounted for
in the model by an increase in the Alpha value, both for the calculation of the effective
total and water saturations. Thus an increase in the air-LNAPL surface tension implies
that the interface between the LNAPL and water occurs in larger pores. This indicates
that the migration of LNAPL will be easier. Thus, the potential for LNAPL recovery will
be higher for a higher air-LNAPL surface tension, the other parameters being the same.
This is illustrated in Figure 4.21.
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Figure 4.21: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Air-Water Interfacial Tension on the
Potential for LNAPL Recovery for Certain LNAPL Specific Volumes.
The decrease in the Tw values due to a change in the air-water surface tension is
not significant. For an Alpha value of 0.5 (measured from an water-air system), a 100 %
change in the air-water surface tension (from 40 dynes/cm to 80 dynes/cm) will cause a
change of less than 3 % in the potential for water production as illustrated in Figure 4.22.
The effect of the change in the air-LNAPL surface tension on Tw and the observed
thickness at the well depends on the reference Alpha value. The change in air-water
surface tension is equivalent to the change in Alpha. The magnitude of the effect of the
change in Alpha on Tw and the observed thickness at the well depends on the lower
boundary of the range within which Alpha is changing due to the change in the air-water
surface tension.
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Figure 4.22: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Air-Water Interfacial Tension on the
Potential for Water Production for Certain LNAPL Specific Volumes.

LNAPL-Water Surface Tension σnw
An increase in the LNAPL-water surface tension is equivalent to a decrease in
Alpha used to calculate the effective water saturation. From the Laplace equation, it can
be inferred that an increase in the LNAPL-water surface tension will cause an increase in
the radius of the pores in which the two interfaces meet for the same capillary pressure.
This implies that an increase in the LNAPL-water surface tension will cause an increase
in the effective water saturation. The effective total saturation depends on the air-LNAPL
surface tension and is independent of the LNAPL-water surface tension based on Leverett
assumptions (Leverett, 1941). Thus the LNAPL saturation is expected to decrease with
the increase in the LNAPL-water surface tension. As a result, the potential for water
production will increase, and the potential for LNAPL recovery will decrease. Thus the
Tn/Tw ratio is expected to decrease due to an increase in the LNAPL-water surface
tension. This is illustrated in Figure 4.23. It can be seen in this figure that the change in
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the Tn/Tw ratio due to the change in LNAPL-water surface tension is insignificant. The
decrease in the LNAPL saturation is balanced by an increase in the interval of the mobile
LNAPL in the formation and an increase in the LNAPL thickness observed at the well.
This is illustrated in Figure 4.24.
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Figure 4.23: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well
at Different LNAPL Specific Volumes if the LNAPL-Water Interfacial
Tension is the only Varying Parameter.
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Figure 4.24: Correlation between the LNAPL-Water Interfacial Tension and the LNAPL
Thickness at the Well at Different LNAPL Specific Volumes.

LNAPL-Air Surface Tension σan
An increase in the LNAPL-air surface tension is equivalent to a decrease in Alpha
used to calculate the effective total saturation. An increase in the LNAPL-air surface
tension will cause the LNAPL and air interfaces to meet in pores with larger radius. This
implies that an increase in the LNAPL-air surface tension will cause an increase in the
effective total saturation. Based on Leverett assumptions, the LNAPL-air surface tension
does not affect the effective water saturation. Thus the effective water saturation is
expected to stay constant with an increase in the LNAPL-air surface tension while the
effective total saturation increases. Thus, LNAPL saturation is expected to increase with
the increase in the LNAPL-air surface tension. However, with the increase in the
saturation, the specific volume of the LNAPL being constant, the LNAPL thickness in
the formation decreases. This decrease outbalances the effect of the increase in saturation
and the potential for LNAPL recovery decreases.
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The change in the potential for water production due to the effect of the change in
the thickness of LNAPL is insignificant. Thus the Tn/Tw ratio is expected to decrease due
to an increase in the LNAPL-air surface tension. This result is illustrated in Figure 4.25.
It can be seen in this figure that the change in the Tn/Tw ratio due to the change in
LNAPL-air surface tension is significant and can reach 100 % relative to the lower bound
of the ratio. The decrease in the thickness of the LNAPL in the formation is illustrated in
Figure 4.26.
If the LNAPL-air surface tension is the only changing parameter, the efficiency in
the recovery (Tn/Tw ratio) will be correlated to the observed thickness at the well. This
result is illustrated in Figure 4.27.
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Figure 4.25: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Air-LNAPL Interfacial Tension on the
Tn/Tw Ratio for Certain LNAPL Specific Volumes.
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Figure 4.26: Influence of the Air-LNAPL Interfacial Tension on the observed LNAPL
Thickness at the Well at Different LNAPL Specific Volumes.
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Figure 4.27: Correlation between the Tn/Tw Ratio and the LNAPL Thickness at the Well
at Different LNAPL Specific Volumes when the Air-LNAPL Interfacial
Tension is the only Varying Parameter.
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LNAPL Density
The LNAPL sit on the top of water as an iceberg, part of it submerged in water
and part above water. As the LNAPL density increases, the part submerged in water
increases. Also, as the LNAPL density changes, the shape of the “iceberg” changes as
illustrated in Figure 4.28. The changes are more significant for larger specific volumes of
LNAPL. As an example, these observations are illustrated in Figure 4.29 for a specific
volume of LNAPL of 0.8 ft and for the Soil Example A described before. The resulting
change in the potential for LNAPL recovery (Tn) is small for small LNAPL specific
volumes. The change in the potential for LNAPL recovery is larger but smaller than 20%
over all the range within which the LNAPL density may change for soil Example A as
illustrated in Figure 4.29. The shape of the curve representing the change in Tn depends
on the soil properties and is parabolic in the illustrated example.
The influence of the LNAPL density on the potential for water production is not
significant. The water saturation profiles corresponding to significantly different LNAPL
densities are almost identical. Thus the influence of the LNAPL density on the efficiency
of LNAPL recovery (Tn/Tw) is very similar to the influence on the potential for LNAPL
recovery Tn. The thickness of LNAPL observed at nearby well increases significantly due
to the increase in the LNAPL density. This is illustrated in Figure 4.30.
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Figure 4.28: Saturation Profiles of LNAPL for a Homogenous Soil Profile.
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Figure 4.29: Illustration of the Output of the Heterogeneous Environment LNAPL
Recovery Model: Influence of the Density of LNAPL on the Potential for
LNAPL Recovery for Certain LNAPL Specific Volumes.
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Figure 4.30: Influence of the Density of LNAPL on the Potential for Water Production
for Certain LNAPL Specific Volumes.

SCREEN LEVEL
Homogeneous soil
The highest efficiency in LNAPL recovery corresponds to a screen with a bottom
slightly below the water level during the well operation. The interpretation of “slightly”
depends mainly on the specific volume of LNAPL at the site, and on many other factors
including the soil and oil properties.
The potential for the recovery of LNAPL and for the production of water are
influenced by both the saturation distribution – LNAPL saturation distribution, and water
saturation distribution, respectively- and the value of the hydraulic conductivity. For a
homogeneous layer, if the objective is solely to quantify the influence of the screen
position, the saturation distributions will be the main factor to consider. The hydraulic
conductivity in a homogeneous layer will be the same regardless of the screen position.
For a homogenous soil, the oil saturation has its maximum at a level slightly above the
water table elevation. The presence of LNAPL will push water down, and thus the level
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at which the soil will be saturated with water will go a few feet down, depending on the
specific volume of LNAPL. Examples of profiles of LNAPL and water saturation are
illustrated in Figure 4.31. The soil properties of the soil formation corresponding to
Figure 4.31 are summarized in Table 4.2 and illustrated in Figure 4.32.
Figure 4.31 depicts two features that oil saturation profiles often exhibit: 1- The
oil saturation exceeds the residual saturation over a limited span depending on the
LNAPL specific volume. This span is usually a few feet and determines the entire span in
which LNAPL can potentially move. 2- The oil saturation has its peak near the energy
table level (the water level if oil was not present). Thus, the highest oil recoverability
corresponds to a screen that encloses the entire span in which LNAPL can potentially
move. If part of this span is below the bottom of the screen or above the top of the screen,
the potential of LNAPL recovery will decrease. This effect is illustrated in Figure 4.33.
The length of the span depends on the LNAPL specific volume in the formation.
As long as the water table is between the bottom and the top of the screen, and as
the distance between the water table and the bottom of the screen increases, the potential
for water production increases. When the water table becomes higher than the top of the
screen, the potential for water production reach an asymptotic stage. Thus, to minimize
the potential for water production, the distance between the water table and the bottom of
the screen should be minimized. This is illustrated in Figure 4.34.
Thickness (ft)
Soil

ρr
0.8

α

Ν
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Table 4.2: Properties of the Generic Soil Profile.
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Homogeneous Soil: Saturation Profiles
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Figure 4.31: Saturation Profiles for both Water and LNAPL for the Illustrated Soil
Profile.
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Figure 4.32: Schematic of a Pumping Well in a Homogeneous Soil Profile and Different
Screen Lengths.
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Figure 4.33: Potential of LNAPL Recovery for Different Screen lengths in a
Homogeneous Soil.
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Figure 4.34: Potential of Water Production for Different Screen Lengths in a
Homogeneous Soil.
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Heterogeneous Soil: Two Distinct Layers
For a heterogeneous soil environment, the LNAPL saturation distribution, water
saturation distribution, and the hydraulic conductivities of the layers along the screen
length influence the potential for the recovery of LNAPL and for the production of water.
If a layer has simultaneously a high saturation of LNAPL and a high hydraulic
conductivity, its contribution to the recovery of LNAPL will be significant. A layer with
a low saturation of LNAPL and a low hydraulic conductivity will have a small
contribution to the LNAPL recovery. The LNAPL saturation profile will be used to
determine the relative permeability. The integral of the product of the relative
permeability and the hydraulic conductivity over the screen length multiplied by a
constant represents the potential for LNAPL recovery. In the rest of this chapter, the
HELRM model outcomes associated to “clay” refers to the soil properties described in
Table 4.3. Also, the HELRM model outcomes associated to “sand” refers to the soil
properties described in Table 4.4. The schematics of the profiles corresponding to each of
the presented scenarios are illustrated in the corresponding sections.

n
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0.3
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1

Table 4.3: Soil Properties Used in the Model Corresponding to a Generic Clay Layer.
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Table 4.4: Soil Properties Used in the Model Corresponding to a Generic Sand Layer.

Clay over Sand
A higher potential for recovery of LNAPL is expected from sand layers than from
clay layers. Sand has a higher hydraulic conductivity than clay. Furthermore, as Figure
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4.35 illustrates, the LNAPL saturation in the sand layers is potentially higher for the same
capillary pressure than the LNAPL saturation corresponding to the clay layer. This is
mainly due to an assumed higher Alpha for the sand layer (Alpha of 0.6 for sand
compared to 0.3 for the clay). The opposite correlation between saturation and soil type
exists for the water saturation. Effective water saturation corresponding to clay is higher
than that corresponding to sand. However, this fact is overbalanced by the fact that the
hydraulic conductivity of sand is higher than the hydraulic conductivity of clay.

Heterogeneous Soil: Clay over Sand
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Figure 4.35: Saturation Profiles for both Water and LNAPL for the Illustrated Soil Profile
of Clay over Sand.
•

A 30 ft Screen at Different Depths in the Formation

The schematic corresponding to this scenario is illustrated in Figure 4.36. A
screen of 30 ft is used and positioned at three different levels relatives to the two layers of
interest each with a thickness of 60 ft. The positioning of the screen relative to the soil
interface is important. The value added to the potential for LNAPL recovery from
extending the screen into the clay layer is not significant. Most of the potential for
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LNAPL recovery will be lost if the screen miss the sand layer. Determining the exact
position of the interface is not often possible. In addition, the transition between the sand
and clay formations may be gradual. In this illustration, the assumption is that the
position and properties of two layers are well defined. Furthermore, each of the two
layers is assumed to be homogeneous. The effect of the non-homogeneity in each of the
two layers, and the effect of the gradual transition will be examined later in the chapter.
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Figure 4.36: Schematic of a Pumping Well in a Heterogeneous Soil Profile and Different
Screen Lengths.
As it is illustrated in Figure 4.37, if the screen is totally in the top clay layer, the
potential for LNAPL recovery is very low regardless of the position of the water table. If
the water table is below the interface between the two layers, the LNAPL recovery is
identical if the screen is fully in the bottom sand layer or if the screen is in both the sand
and clay layers. If the water table is slightly below the interface, a slightly higher
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potential for LNAPL recovery is expected if the screen is present in the two layers
compared to the case where the screen is fully in the bottom layer. This is explained by
the fact that, depending on the LNAPL specific volume at the location, part of the mobile
LNAPL is present in the top layer when the water table is slightly below the interface.
The potential for LNAPL recovery drops to zero in all cases when the water table goes
few feet above the top of the screen. The level of the water table above the screen that
will cause the LNAPL recovery to drop to zero depends on the LNAPL specific volume
and usually is limited to a few feet.
Figure 4.38 illustrates the potential for the water production in the case of a clay
layer over a sand layer. Figure 4.38 illustrates that as the water level goes up, and after it
goes above the bottom of the screen, the potential for water production increases
significantly until the water table reaches the interface between the two layers. When the
water table reaches the clay layer, as it goes up, the increase in the potential for water
production lessens significantly. The potential for water production stop increasing when
the water table goes above the top of the screen.
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Figure 4.37: Potential of LNAPL Recovery for Different Screen Positions with a Length
of 30 ft in a Heterogeneous Soil.
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Clay Layer over Sand Layer: Dn = 0.4 ft of LNAPL
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Figure 4.38: Potential of Water Production for Different Screen Positions with a Length
of 30 ft in a Heterogeneous Soil.
•

Change in Screen Length

The bottom of the screen is fixed
The schematic illustrating the change in the screen length in a heterogeneous soil
environment where the top layer is clay and the bottom layer is sand is illustrated in
Figure 4.39. If the bottom of the screen is fixed, and if the screen captures the interval of
mobile LNAPL in the formation, the potential for the recovery of the LNAPL will be
independent of the screen length. In other words, as long as the screen is below the
mobile LNAPL profile, the potential for the recovery of LNAPL is null. When the screen
top is above the maximum mobile LNAPL height, additional screen length will not
increase the potential for LNAPL recovery. The screen length has a significant effect in
between these two situations, when the screen top is within the interval of mobile
LNAPL. This interval is often few feet above and below the water table. This is
illustrated in Figure 4.40. In Figure 4.40, the three scenarios for the water table levels are
5 ft above the sand-clay interface, just at the interface, and 5 ft below the interface.
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Figure 4.39: Schematic of a Pumping Well in a Heterogeneous Soil Profile and Different
Screen Lengths with the Bottom of the Screen Fixed.
The potential for water production increases linearly with the screen length as
long as the top of the screen is in the saturated zone. After the top of the screen surpasses
the saturated zone, the gain in the potential for water production becomes insignificant.
This result is illustrated in Figure 4.41. The two charts corresponding to the water table in
sand and the water table at the interface are identical as long as the screen top is in the
saturated intervals for the two cases. The two scenarios of the water table at the interface
and the water table in the clay layer have almost identical potential for water production
at similar screen lengths and positions. The potential of water production gained from
extending the screen in the clay layer is small.
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Figure 4.40: Potential of LNAPL Recovery for Different Water Tables and Screen
Lengths in a Heterogeneous Soil.
Clay Layer over Sand Layer: Dn = 0.4 ft of LNAPL
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Figure 4.41: Potential of Water Production for Different Water Tables and Screen
Lengths in a Heterogeneous Soil: Clay Layer over a Sand Layer.
The top of the screen is fixed
The full potential for LNAPL recovery is achieved when the whole interval within
which LNAPL is mobile is in contact with the screen. The charts describing this behavior
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will be similar to the ones describing the “fixed bottom and moving top” illustrated in
Figure 4.40. An illustration of an example profile of this case is presented in Figure 4.42.
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Figure 4.42: Schematic of a Pumping Well in a Heterogeneous Soil Profile and Different
Water Table Levels.
The potential for water production increases as the screen is placed deeper in the
saturated part of the sand layer. Thus the efficiency of LNAPL recovery (Tn/Tw)
decreases as the screen get longer, especially after the screen reaches the saturated part of
the sand layer. Thus, it is advantageous to extend the screen just few feet below the soil
interface, depending on the specific volume of LNAPL in the formation and the soil
properties.

Sand over Clay
As mentioned in the previous section, a higher potential for recovery of LNAPL is
expected from sand layers compared to the clay layers. This is due to the higher hydraulic
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conductivity, and potentially higher LNAPL saturation at the same capillary pressure for
the sand relative to the clay. Although clay is expected to have higher effective water
saturation, the significantly higher hydraulic conductivity of sand relative to the clay
makes the potential water production higher for sand than clay. Saturation profile for both
LNAPL and water for a soil profile of sand over clay are illustrated in Figure 4.43. In this
example, the water table is one foot above the interface between clay and sand.

Heterogeneous Soil: Sand over Clay
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Figure 4.43: Saturation Profiles for both Water and LNAPL for the Illustrated Soil Profile
of Sand over Clay.
•

Change in Screen Length (Bottom of Screen Changing)

The schematic corresponding to this case is illustrated in Figure 4.44. The
potential for LNAPL recovery in the clay layer is insignificant compared to the potential
of recovery in the sand layer. In addition, the interval within which LNAPL is mobile is
often limited to few feet around the water table. Thus, as illustrated in Figure 4.45, there
is a transition stage in the potential for LNAPL recovery when the screen reaches a
position where it is just in contact with the mobile LNAPL until the point where the
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screen capture the whole interval of mobile LNAPL. This transition stage corresponds to
few feet of change in screen length within which a large jump in the potential for LNAPL
recovery occurs. The jump is significantly larger for the case of the water table in the
sand layer compared to the case of the water table in the clay layer.
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α = 0.3 ft
N = 2.5
Swr = 0.25
Snrv = Snrs = 0.02
K = 1 ft/Day

Figure 4.44: Schematic of a Pumping Well in a Heterogeneous Soil Profile and Different
Water Table Levels.
The potential for water production starts to increase noticeably when the screen
bottom reaches the saturated zone. At this stage, the increase in the potential for water
production is linearly correlated to the increase in screen length. In Figure 4.46, the line
corresponding for the water table at the interface of the sand and clay, and the line
corresponding to the water table in clay are parallel. These two lines are parallel since the
increase in the potential in water production in both cases corresponds to the additional
potential in water production corresponding to the clay layer as the screen go further
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down in the clay layer. The line illustrating the case of the water table in the sand layer
has two segments: one segment with a higher rate (or slope) corresponding to the
segment of the screen in the sand layer, and another segment with a slope similar to the
one of the two other cases (water table at the interface, and water table in the clay layer)
corresponding to the screen going further down in the clay layer.
The ratio of Tn/Tw which represents the efficiency of the recovery decreases as the
screen bottom goes further down. Thus, it is advantageous to design the well keeping the
bottom of the screen a few feet below the interface or just in the top sand layer. The
LNAPL recovery gained from the clay layer is usually insignificant compared to the
recovery from the sand layer. However, as the screen goes more in the saturated zone, the
potential for water production will increase and the potential for LNAPL recovery will
stay constant and, thus, the efficiency of the recovery will decrease. The optimum length
of the screen depends on the soil formation and on the specific LNAPL volume and is
illustrated in Figure 4.47 for a 0.4 ft specific volume and the soil profile descried above.
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Figure 4.45: Potential of LNAPL Recovery for Different Water Tables and Screen
Lengths in a Heterogeneous Soil: Sand Layer over a Clay Layer.
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Sand Layer over Clay Layer: Dn = 0.4 ft of LNAPL
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Figure 4.46: Potential of Water Production for Different Water Tables and Screen
Lengths in a Heterogeneous Soil: Sand Layer over a Clay Layer.
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Figure 4.47: Tn/Tw for Different Water Tables and Screen Lengths in a Heterogeneous
Soil: Sand Layer over a Clay Layer.
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LINEAR VERTICAL VARIATION IN SOIL PROPERTIES
HELRM allows the user to specify different properties for the top and bottom of
each of the soil layers. The assigned property at each depth is a linear interpolation
between the properties at the top and bottom of the layer. This capacity allows for a
smooth transition between the soil layers.
In the previous sections, the significant change in the rate of LNAPL recovery
when the water table is near the interface between two layers of significantly different
properties was illustrated. In this case, a difference of few feet in the water table position
relative to the soil interface may cause a difference of more than one order of magnitude
in the rate of LNAPL recovery. This significant difference in the predicted LNAPL
recovery due to a small change in the water table level may not be descriptive of the real
situation if the soil properties change gradually. The capability to use a linear variation
versus depth allows the user to estimate a closer to reality LNAPL recovery rate in this
case.
Moreover, the user can use this capability of HELRM to quantify the impact of a
non-accurate determination of the boundaries between the different layers on the
estimation of the LNAPL recovery at the site.
In the following two sections of this chapter, two examples of the use of the linear
variation in the soil properties will be illustrated. The first example corresponds to the
case of a clay layer over a sand layer with a non-clear boundary. The second example
corresponds to the case of a sand layer over a clay layer with a non-clear boundary.

Clay Layer over a Sand Layer
Clay and sand have significantly different capacities to allow the recovery of
LNAPL and the production of water through pumping. Thus, the assumptions of a
smooth transition layer or a clearly definite interface may lead to a significant difference
in the estimation of the LNAPL recovery rate. The significance of the transition layer can
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be less significant when estimating the potential for water production, especially if a long
portion of the screen is in the saturated sand environment.
In the illustrative example in this section, the screen length is 30 ft, and the
transition thickness is 10 ft. A schematic of the corresponding profile is illustrated in
Figure 4.48. The screen extends from -10 to 20 on Figure 4.42.
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Figure 4.48: Schematic of a Pumping Well in a Heterogeneous Soil Profile (Top Clay and
Bottom Sand) with an Intermediate Layer and Varying Water Table Level.
Three different scenarios for the intermediate layer are considered and described
below:
1. Dominant Sand: The intermediate layer is assumed to have the same properties as the
sand layer. In other words, the sand layer is assumed to be 10 ft thicker, having the
same level at its top.
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2. Dominant Clay: The intermediate layer is assumed to have the same properties as the
clay layer. In other words, the clay layer is assumed to be 10 ft thicker, having the
same level at its bottom.
3. Linear variation: The top of the 10 ft intermediate layer is assumed to have the same
properties as the sand layer. The bottom of this layer is assumed to have the same
properties as the clay layer.
The phrase “soil interface” in the three charts below denotes the level at the top of
the intermediate layer. The charts below illustrate the influence of the selected scenarios
of the intermediate layer, and the water table position relative to the screen and to the soil
interface.
When the water table is 10 ft below the soil interface, part of the LNAPL will be
below the bottom of the screen, thus the part of the potential for LNAPL will be lost. This
case is illustrated by the data corresponding to the -10 ft in Figure 4.49. When the water
table is above the screen top, the potential for LNAPL recovery diminishes significantly
toward zero. As long as all the mobile interval of LNAPL is within one of the
homogeneous layers (the sand layer or the clay layer), the potential for LNAPL recovery
will be independent of the water table variation. The potential for LNAPL recovery is one
order of magnitude larger if the whole mobile interval of LNAPL is within the sand layer
compared to the clay layer. In the case where no-transition layer is considered, a
significant and rapid change in the potential for LNAPL recovery happens when the
water table approaches the interface between the two homogeneous layers. In the case
where the transition layer is considered, a change in the water table corresponds to a
change in the properties of the soil interval within which the mobile LNAPL is present.
The corresponding change in the potential for LNAPL recovery as the level of water table
varies within the transition layer is smooth. The difference in the potential for LNAPL
recovery among the three scenarios of the intermediate layer is significant, especially
when the water table level is close to the middle of the intermediate layer.
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Figure 4.49: Potential of LNAPL Recovery for Different Scenarios of a Transition Layer
in a Heterogeneous Soil Profile: Clay over Sand.

The significance of the scenario for the intermediate layer on the potential for
water production depends on the length of the screen below the intermediate layer and the
corresponding soil properties within this interval. The marginal difference within the
intermediate layer among the three scenarios for the intermediate layer is independent of
the length of the screen below the intermediate layer. However the significance of this
marginal difference depends on the length of the screen below the intermediate layer and
the corresponding soil properties within this interval. For instance, the difference between
the value of Tw corresponding to the scenario of a dominant clay intermediate layer and a
linear variation is 20 ft2/d as illustrated in Figure 4.50. This difference is more than 30 %
of the value of Tw corresponding to the case of “dominant clay” in the illustrated example
where the screen bottom is just 10 ft below the top of the sand layer. If the screen bottom
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was 30 ft below the top of the sand layer, the 20 ft2/d difference in the Tw value would be
less than 10 % of the reference Tw value corresponding to the dominant clay scenario.
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Figure 4.50: Potential of Water production for Different Scenarios of a Transition Layer
in a Heterogeneous Soil Profile: Clay over Sand.

The efficiency of the LNAPL recovery expressed in term of Tn/Tw improves
significantly when the water table is in the sand layer as illustrated in Figure 4.51. The
efficiency keeps improving as the water table goes down. This is explained by the large
decrease in the potential for water production Tw as the water table gets closer to the
bottom of the screen. The assumption of a linear variation in the soil properties within the
intermediate layer increases significantly both the potential for LNAPL recovery and the
potential for water production. Thus the gain in the efficiency of LNAPL recovery starts
slow and increases as the water table approaches the bottom of the screen. The same

140

marginal change in the Tw value from a small reference Tw value has a larger effect than
from a large Tw value. For instance, a change of Tw from 20 to 10 ft2/d will double the
Tn/Tw ratio. However, a change of Tw from 40 to 30 ft2/d will have a smaller effect on the
Tn/Tw ratio.
In the case of a well already in place, the assumption of linear variation within the
intermediate layer will lead to a significantly different estimation of the efficiency of
LNAPL recovery if the water table corresponding to the analyzed pumping rate falls
within the intermediate layer. However, the assumption of linear variation within the
intermediate layer may have a smaller effect on the decision of a designer, since the
designer will probably recommend more pumping to bring the water table to a level close
to the bottom of the screen as long as there is enough potential for drawdown to allow the
target water pumping rate. If the well is still not in place, the assumption of the linear
variation within the intermediate layer will affect significantly the decision on how long
and deep the screen should be installed.
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Figure 4.51: Tn/Tw for Different Scenarios of a Transition Layer in a Heterogeneous Soil
Profile: Clay over Sand.
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Sand Layer over a Clay Layer
A schematic illustrating a profile of the soil environment corresponding to this
section is illustrated in Figure 4.52. Many observations are common between the “Sand
Layer over a Clay Layer” and the “Clay Layer over a Sand Layer” cases. In both cases, a
significantly higher potential for LNAPL production is expected if the water table is in a
sand formation. Also, in both cases the per foot contribution of the sand layer to the
potential of water production is higher than the per foot contribution of the clay layer. In
addition, in both cases, the potential for LNAPL recovery is zero or insignificant if the
water table is not within the boundaries of the screen of the well. Also, the potential for
water production is null if the water table is below the bottom of the screen, and reaches
an asymptotic value if the water table is above the top of the screen.
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Figure 4.52: Schematic of a Pumping Well in a Heterogeneous Soil Profile (Top Sand
and Bottom Clay) with an Intermediate Layer and Varying Water Table
Level.
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For both the potential for LNAPL recovery and the potential for water production,
the scenario of a linear variation in the intermediate layer result in values lower than the
scenario of a sand intermediate layer and higher than the scenario of a clay intermediate
layer. These results are illustrated in Figure 4.53 for the potential of LNAPL recovery and
in Figure 4.54 for the potential of water production.
The highest efficiency for LNAPL recovery (Tn/Tw) in both the scenarios of a
dominant clay and dominant sand corresponds to a water table level just above the clay
formation. This is illustrated in Figure 4.55. The same figure illustrates the fact that the
maximum efficiency of LNAPL recovery for the scenario of linear variation within the
intermediate layer corresponds to the water table level being within the intermediate
layer, close to the sand layer. At this point, the decrease in the potential for LNAPL
recovery as the water table level decreases becomes faster than the decrease in the
potential for water production. This results in a shape of the chart of the (Tn/Tw) versus
water level for the scenario of a linear variation in the intermediate layer is different than
the shape of the charts corresponding to the two other scenarios. The presence of the peak
within the intermediate layer in this scenario gives a wider range in the level of the water
table within which the efficiency for LNAPL recovery (Tn/Tw) is comparable to the peak.
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Figure 4.53: Potential of LNAPL Recovery for Different Scenarios of a Transition Layer
in a Heterogeneous Soil Profile: Sand over Clay.
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Figure 4.54: Potential of Water production for Different Scenarios of a Transition Layer
in a Heterogeneous Soil Profile: Sand over Clay.
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Figure 4.55: Tn/Tw for Different Scenarios of a Transition Layer in a Heterogeneous Soil
Profile: Sand over Clay.

SIGNIFICANCE OF THE LINEAR VERTICAL VARIATION IN SOIL PROPERTIES
The Heterogeneous Environment LNAPL Recovery Model (HELRM) has a
significant flexibility in terms of describing the vertical heterogeneity at a site. As
mentioned earlier in this chapter, the model allows the user to assign up to 14 layers. In
addition, the model allows the user to specify different properties for the top and bottom
of each of the soil layers. The assigned property at each depth is a linear interpolation
between the properties at the top and bottom of the layer. The user can use different
forms for the interpolation (other than linear) if desired by some changes in the macro.
This capacity of HELRM is useful because of two main reasons:
1. Real contaminated sites often show significant vertical heterogeneity. This
vertical heterogeneity is many times associated with a smooth transition
between the different layers. An example of this phenomenon is illustrated
in Figure 4.56. A cross-section of the site corresponding to this diagram is
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illustrated in Figure 5.11. HELRM allows for the description of this
phenomenon when the supportive data are available.
2. Analysts would be able to quantify the effects of having not enough data
to describe the vertical heterogeneity at the site. The analyst can assume
many scenarios for the variation in the vertical heterogeneity and compare
the outcomes.

Soil Composition Variation at the Lower Refinery Area: LRSB-4A
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Figure 4.56: Illustration of the Natural Variation in the Composition of a Soil Profile at
the Lower Refinery Area.
In this section, a few illustrations of the significance of the assumption of a
smooth transition between two layers of sand and clay are presented. The sand and clay
layers have the same corresponding properties described in the section before. In these
illustrations, three scenarios are considered and compared on the same charts. The soil
profiles corresponding to these scenarios are described below and the setting
corresponding to a top sand layer is illustrated in Figure 4.57. The Three different
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scenarios are described in Figure 4.58. In some of the illustrations, the clay layer is the
top layer; and in other illustrations, the sand layer is the top layer. The three scenarios
are:
1. Three layers: one of the layers has the clay layer properties; the second has
the sand layer properties, and the third transition layer (which is the
middle layer) that has properties corresponding to a linear interpretation
between the two first layers. The thickness of the middle layer was varied
between 1 and 15 feet to examine the significance of the linear variation
corresponding to different thicknesses of the layer.
2. Two layers: one of the layers has the clay layer properties; the second has
the sand layer properties. The thickness of the clay layer is equal to the
sum of the thicknesses of the clay and middle layers in the first scenario.
In comparison to the first scenario, in this scenario the middle layer is
considered to be clay and not a linear interpretation between clay and
sand.
3. Two layers: one of the layers has the clay layer properties; the second has
the sand layer properties. The thickness of the sand layer is equal to the
sum of the thicknesses of the sand and middle layers in the first scenario.
In comparison to the first scenario, in this scenario the middle layer is
considered to be sand and not a linear interpretation between clay and
sand.
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Figure 4.57: Schematic of a Pumping Well in a Heterogeneous Soil Profile (Top Sand
and Bottom Clay) with an Intermediate Layer with Varying Thickness.

Linear Variation Using the Model: Illustration of the Three Scenarios
Scenario 1

Clay (or Sand)

Scenario 2

Scenario 3
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Transition Layer
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Sand (or Clay)
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Figure 4.58: Illustration of the Three Scenarios of Soil Profiles Used to Compare the
Model Outcome with and without a Transition Layer.
148

In each of these scenarios, the distance between the water table and the bottom of
the screen at the well is fixed. The change in the thickness of the middle layer repositions
the levels of the top and bottom of this middle layer relative to the screen bottom and top.
The comparison between the three scenarios for the case of a sand layer at the top
and a clay layer at the bottom is illustrated in Figure 4.59 for the potential for LNAPL
recovery, Tn. In this example, the water table is at the middle of the transition layer. Thus,
the interval within which LNAPL is mobile is mostly enclosed within the transition layer,
depending on the LNAPL specific thickness at the location. The difference among the
estimated potentials for LNAPL recovery, Tn, among the three scenarios is significant. In
the illustrated example, the difference among the estimated potentials for LNAPL
recovery, Tn, varies within one order of magnitude. If the water table is far from the
transition layer, either significantly under it or significantly above it, the interval of the
mobile LNAPL will not overlap with the transition layer. In this situation, the properties
of the transition layer will have no effect on the potential of LNAPL recover, Tn. The
significance of the effect of the properties of the transition layer on the estimated
potential of LNAPL recover, Tn, depends on its position relative to the water table and
the screen of the well. After a certain thickness of the transition layer, the variation in its
thickness will stop having impact on the potential of LNAPL recovery, Tn. This result is
due to the fact that the LNAPL is mobile within a limited interval.

149

A Transition Layer between a Sand Top Layer and
a Clay Bottom Layer: Dn = 0.8 ft of LNAPL
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Figure 4.59: Comparison of the Potential of LNAPL Recovery in the Case of the Water
Table in the Middle of the Transition Layer.
For the same case of a sand layer at the top and a clay layer at the bottom, the
comparison between the three scenarios for the potential of water production is illustrated
in Figure 4.60. The effect of the transition layer is more significant when comparing
scenarios one and three. The significance of the transition layer in the illustrated example
properties keeps increase as its thickness increases. This is due to the fact that the
potential of water recovery depends mainly on the properties of the soil within the
saturated zone overlapping with the screen at the well. For this same reason, the transition
layer properties will have an effect on the potential for water production, Tw, even if the
transition layer is at a level far below the water table as long as it is above the bottom of
the screen at the well. This last conclusion is illustrated in Figure 4.61. Comparison
between Figures 4.60 and 4.61 shows a large significance of the transition layer when the
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water table is above the transition layer in comparison to when the water table is in the
middle of the transition layer. This outcome is due to the fact that if the water table is
above the transition layer and the whole transition layer is within the interval covered by
the screen well, then the whole transition layer will contribute to the water production. In
this specific example, the contribution of the transition layer is relatively large since the
remaining of the saturated zone is occupied by a clay layer.

A Transition Layer between a Sand Top Layer and
a Clay Bottom Layer: Dn = 0.8 ft of LNAPL
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Figure 4.60: Comparison of the Potential of Water Production for Three Scenarios in the
Case of the Water Table in the Middle of the Transition Layer.
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A Transition Layer between a Sand Top Layer and
a Clay Bottom Layer: Dn = 0.8 ft of LNAPL
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Figure 4.61: Comparison of the Potential of Water Production in the Case of the Water
Table Level is Five Feet above the Top of the Transition Layer.
Since the influence of the transition layer is different on Tn and Tw, the
assumption of linear variation of the properties of the transition layer will have a
significant influence on the value of the Tn/Tw ratio. This conclusion is illustrated in
Figure 4.62 for the case of a clay layer on the top and a sand layer at the bottom with the
water table in the middle of the transition layer.
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A Transition Layer between a Clay Top Layer and
a Sand Bottom Layer: Dn = 0.8 ft of LNAPL
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Figure 4.62: Comparison of the Tn/Tw Ratio for Three Scenarios in the Case of the Water
Table in the Middle of the Transition Layer.

CONCLUSION
This chapter includes a description of the influence of the Heterogeneous
Environment LNAPL Recovery Model (HELRM) parameters on HELRM outcome. The
most influential parameters are the van Genuchten parameters and the hydraulic
conductivity.
The chapter also highlights the significance of the vertical heterogeneity on the
LNAPL recovery rate and efficiency. It also illustrates the difference in HELRM
outcome if a linear variation in the soil properties within one layer is used.
A collection of several important observations, grouped into four main subjects,
based on the analysis presented in this chapter include:
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1. Influence of the soil parameters on HELRM outcome:
a. van Genuchten Alpha: Tn increases and Tw decreases due to an
increase in the Alpha values; the ratio of Tn/Tw increases fast due
to an increase in the Alpha values. This observation is valid for a
wide range of specific volume of LNAPL.
b. van Genuchten N: Both Tn and Tw increase as N increases. Tn
increases at a faster rate than Tw as N increases. Thus, the ratio
Tn/Tw will increase as N increases but at a slower rate than Tn.
Moreover, the increase in Tn/Tw due to the increase in N
diminishes as the specific volume of the LNAPL decreases.
c. Soil porosity: Tn decreases as N increases. Tw is slightly affected
by the change in the N values. Thus, Tn/Tw decreases as N
increases.
d. Soil permeability: the increase in both Tn and Tw is proportional
to the increase in the permeability. Thus Tn/Tw remains constant
when the permeability varies.
2. Influence of the LNAPL parameters on HELRM outcome:
a. LNAPL density: The increase in the LNAPL density may lead to
either an increase or a decrease in the potential of LNAPL
recovery depending on the other soil properties and the range of
change in the LNAPL density. The influence of the LNAPL
density on Tn is not significant compared to several other
parameters. The change in the LNAPL density has a small effect
on the potential of water production.
b. Interfacial tension parameters: The values of the interfacial tension
parameters are used to adjust the lab measured Alpha to the
specific site properties. Thus, the variation in these parameters
154

leads into a variation in the Alpha value used in the model. In
general, an increase in the air-water interfacial tension leads to an
increase in Tn and a decrease in Tw and thus an increase in Tn/Tw.
An increase in the LNAPL-water interfacial tension can lead to
either an increase or a decrease in Tn/Tw depending on the variation
interval. An increase in LNAPL-air interfacial tension leads to a
decrease in Tn/Tw.
3. Significance of the soil heterogeneity: The chapter includes few
illustrations of the variation of Tn, Tw, and Tn/Tw in a heterogeneous soil
environment with respect to the variation in the water table level. These
examples depicts the big influence of the properties of the layer within
which is the water table level on HELRM outcome. Also these examples
depict the big change in the model outcome for small change in the water
table level near the soil interface of two different layers.
4. Accounting to the vertical soil heterogeneity in the model: The influence
of the properties of the transition layer depends on its thickness and on the
water table level relative to the transition layer level. Assuming a linear
variation of the properties of the transition layer to reflect a smooth change
in the soil formation can have a large impact in terms of one order of
magnitude or more on the Tn value if the water table is within the
transition layer. The properties of the transition layer and the assumption
of linear variation also impact significantly Tw if the water table is either
above or within the transition layer and the transition layer is above the
bottom of the screen.
The lessons learned from this chapter are useful to the engineer to be able to
predict the performance of the LNAPL recovery wells system and to develop a
qualitative strategy to operate the system.
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Chapter 5: Site Illustration and Model Validation
INTRODUCTION

The Lower Refinery Area of the Former Amoco Refinery, Sugar Creek, east of
Kansas City is used as a real life example to validate the Heterogeneous Environment
LNAPL Recovery Model (HELRM) results. The measurements at the site include
measurements of the recovery rates and water table levels. These measurements can be
compared to the model predictions. This chapter includes a description of the site based
on the Corrective Measures Study for the Lower Refinery Area (CMS, 2004). It also
includes an illustration of the recovery performance and a comparison of the measured
performance to the model prediction.

DESCRIPTION OF THE CASE STUDY AREA
History
The Former Amoco Refinery, Sugar Creek operated as a petroleum refinery along
the southern bank of the Missouri River east of Kansas City From 1904 to 1982. It
occupies approximately 500 acres on the west and east sides of Sugar Creek (a small
urban stream that bisects the Former Refinery property and discharges to the Missouri
River), and the southern floodplain and bluff of the Missouri River as illustrated in Figure
5.1. All refining operations ceased in 1982, and most tanks, process equipment, and
buildings were demolished by 1989. The Lower Refinery and East Bluffs Area constitute
approximately 75 acres of the Former Refinery Area.
The Lower Refinery Area used to include 97 former storage tanks, and numerous
process units that operated for 80 years. The tanks were used to store slop oil, diesel oil,
heater oil, fuel oil, gasoline oil, jet fuel, caustic, coalescer, prefractionator bottoms, and
process water. The Corrective Measures Study for the Lower Refinery Area (CMS, 2004)
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includes a summary of each of the historical process units in the Lower Refinery Area.
Just one of the tanks formerly used at the site, Tank 95, remained in the Lower Refinery
Area until December 2002 and it was used to store LNAPL collected on site through
interim measures before the LNAPL was shipped off site for recycling. This tank was
replaced in February 2002 by Tank 95R which serves the same task now.

Figure 5.1: Locations of the Lower Refinery Area, Missouri River, and Sugar Creek.
Source: Corrective Measures Study for the Lower Refinery Area. BP Products North
America, Inc. (a former Amoco Oil Company) Sugar Creek, Missouri. Prepared
by The RETEC Group, Inc., November 5, 2004.
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The site is now owned by BP. Presently, the only active industrial operations at
the Former Refinery include an asphalt receiving and processing center, and a bulk
storage and pipeline terminal for petroleum products. Custodial activities, such as oil
recovery, operation of wastewater collection and conveyance systems, and site security,
continue at the Former Refinery.
Future development for the area considers light industrial and recreational
facilities after the development of a new infrastructure. The Reuse Agreement between
BP and the city of Sugar Creek (BP, 2002) limit the industrial redevelopment of the area
to two light industrial parcels. The current land use in the Lower Refinery Area is closed
industrial and open space.
Under the reuse agreement for the Former Refinery property, BP will maintain
ownership of all on-site areas indefinitely and will be responsible for the institutional and
engineering controls at the site. Institutional controls include lease restrictions,
construction procedures, health and safety protocols, soil management, and control of
property use. Engineering controls include vapor barriers and sub floor ventilation
systems on all new building construction as a precautionary measure to eliminate the
potential pathway of volatile contamination in subsurface soil and groundwater to
receptors.

Data Available
The data available consist of soil boring reports, water levels at the monitoring
and production wells and the river, LNAPL thickness data, and LNAPL recovery data.
The data collected are mainly related to the following categories:
•

Soil lithological data.

•

Porosity.

•

Grain size distribution.

•

Water and LNAPL saturations.
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•

Capillary moisture retention curves.

•

Hydraulic conductivity.

•

LNAPL density.

•

LNAPL viscosity.

•

Air/water surface tension.

•

Air/LNAPL surface tension.

•

LNAPL/water surface tension.

•

LNAPL type (i.e., gas chromatography).

•

Measured LNAPL thickness in wells over time.

•

Historical LNAPL recovery volumes and water production volumes.

Soil Boring Reports
As part of the data collection effort for the RFI, soil borings were advanced at
four locations in the modeled area of the Lower Refinery recovery well network (LSRB04, ROW-006A, LRSB-06, and SC-80B). Soil boring locations were chosen based on
historical LNAPL recovery and performance of recovery wells within the Lower
Refinery recovery well network. Figure 5.2 depicts the location of these borings.
During the logging of the initial borings, the soil was observed and core samples
were collected from LRSB-04A, LRSB-05A, LRSB-06A, and SC-80B in the interval of
the soil profile where visual, headspace, and olfactory observations indicated LNAPL
saturation. Undisturbed cores were taken using a 3-inch diameter acetate core liner that
was not rotated with the augers during coring. The soil cores were then sent to the
laboratory to be tested for soil and soil-fluid interaction engineering parameters. In
addition to the soil cores, soil samples were collected from these secondary borings at an
interval of 4 to 6 feet and analyzed for geotechnical parameters including fraction of
organic carbon, air-filled porosity, water-filled porosity, and soil dry-bulk density.
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Soil sample lithology was described in the field according to the Unified Soil
Classification System (USCS). These descriptions include recovery, color, grain size,
grading, moisture content, laminations, odor, consistency or density, and evidence of
LNAPL staining.
The tests were conducted on plug samples drilled out of the core in a frozen state.
The plugs were approximately 1 inch in diameter and 2 inches long. At LRSB-4A, a total
of 12 core plug samples were analyzed for pore fluid saturations; at LRSB-5A, 10 core
plug samples were analyzed; at LRSB-6A, 10 core plugs; and at SC-80B, 16 core plugs.
Plugs were not cut close to the ends of the core section in order to minimize the effects of
soil disturbance and fluid loss in the plug samples (CMS, 2004).
Plugs from each sample were selected for special core analysis and were analyzed
for water and LNAPL saturations by API Method RP-40. Drainage capillary pressure
properties (oil displacing groundwater) were measured using the centrifugal technique
following ASTM Method D425M (CMS, 2004). These measurements are illustrated in
Table 5.1.
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Wells’ and Boring Holes' Locations: Lower Refinery Area
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Figure 5.2: Locations of the Wells and the Boring Holes at the Lower Refinery Area.

Fluid Sampling
Groundwater and LNAPL samples were collected using disposable bailers and
were transferred to laboratory-prepared sample containers from monitoring wells and
analyzed. Groundwater samples in the modeled area were collected from HB-001, ROW006A, ROW-008, and ROW-009. LNAPL samples were collected from MW-178, MW179, ROW-006A, and ROW-009.
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PHYSICAL PROPERTIES DATA
(METHODOLOGY: ASTM D2216 / API RP40, API RP40)

PROJECT NAME:
Lower Refinery Investigation
PROJECT NO:
AMO61-16271-329
AP I RP 40 /

SAMPLE
ID.

DEPTH,
ft.

M ETHODS: ASTM D2216

AP I RP 40

SAMPLE MOISTURE
ORIENT. CONTENT
(1)
(% wt)

DENSITY
BULK
GRAIN
(g/cc)
(g/cc)

AP I RP 40

AP I RP 40

POROSITY, %Vb (2)
PORE FLUID
AIR
SATURATIONS, % Pv (3)
TOTAL
FILLED
WATER
NAPL

LRSB-4A/20-22.5' 21
LRSB-4A/20-22.5' 22
LRSB-4A/22.5-25' 23
LRSB-4A/22.5-25' 24.1
LRSB-4A/25-27.5' 26
LRSB-4A/25-27.5' 27
LRSB-4A/27.5-30' 28
LRSB-4A/27.5-30' 29
LRSB-4A/30-32' 30.5
LRSB-4A/30-32' 31.5
LRSB-4A/32-32.5' 32.4
LRSB-4A/32.5-35' 33.5

H
H
H
H
H
H
H
H
H
H
H
H

45.44011
47.51474
91.72601
38.09449
26.91179
22.53462
31.40134
34.6249
23.28143
13.80637
38
18.96964

1.090412
1.065871
0.707153
1.262962
1.391232
1.42033
1.305259
1.256977
1.448472
1.500754
1.168497
1.517713

2.61337
2.616719
2.622621
2.603571
2.628878
2.607284
2.548564
2.588268
2.689012
2.67811
2.626304
2.65583

58.27564
59.26689
73.03639
51.49115
47.07884
45.52455
48.78455
51.43558
46.13366
43.9622
55.50794
42.85354

7.422588
8.566689
8.026546
3.225416
8.813535
11.59174
7.754598
7.28794
11.823
22.01695
26.29811
12.57997

87.26297
85.40377
88.11273
92.48732
81.2792
54.42457
83.98714
79.43406
67.58999
34.58798
38.6561
53.30051

ND<0.1
0.1418001
0.8974763
1.2486564
ND<0.1
20.112822
0.1172538
6.3968761
6.7822942
15.330468
13.966703
17.343753

LSRB-5A/32.5-35' 33
LSRB-5A/32.5-35' 34.1
LSRB-5A/35-37 35.5
LSRB-5A/35-37 36.6
LRSB-5A/37-39' 37.5
LRSB-5A/37-39' 38.5
LSRB-5A/39-40.5'3 9.25
LSRB-5A/39-40.5'4 0.25
LRSB-5A/40.5-42.5' 41
LRSB-5A/40.5-42.5' 42

H
H
H
H
H
H
H
H
H
H

19.97696
22.46626
17.02624
20.39176
18.11284
13.75187
19.12106
12.67834
14.52058
12.59222

1.483046
1.413869
1.624375
1.522968
1.535596
1.655922
1.52206
1.790659
1.745704
1.807034

2.609238
2.55793
2.607566
2.631036
2.63716
2.644981
2.625968
2.625968
2.640349
2.646932

43.16173
44.72606
37.70533
58.29935
41.77082
37.3938
63.22906
31.80954
33.8836
31.73098

13.04749
11.48626
8.051579
26.84811
13.81766
14.23006
33.72528
9.032306
8.189832
8.832883

56.17271
49.40421
70.75235
53.94784
66.36436
61.94541
46.66173
70.61528
74.00673
71.88833

13.597973
24.914429
7.8936929
ND<0.1
0.5559523
ND<0.1
ND<0.1
0.9897615
1.8227823
0.2748879

LRSB-6A/30-32.5' 31
LRSB-6A/30-32.5' 32.1
LRSB-6A/32.5-35' 33
LRSB-6A/32.5-35' 34.1
LRSB-6A/35-37.5' 35.5
LRSB-6A/35-37.5' 36.9
LRSB-6A/37.5-40' 38.5
LRSB-6A/37.5-40' 39.5
LRSB-6A/40-42' 40.5
LRSB-6A/40-42' 41.5

H
H
H
H
H
H
H
H
H
H

29.73856
26.676
28.94049
27.55185
28.44889
26.43549
24.65059
23.91839
15.23016
12.21038

1.295545
1.306007
1.265701
1.286572
1.233192
1.358737
1.403342
1.432708
1.628876
1.747273

2.608837
2.615694
2.616348
2.627565
2.621856
2.620205
2.639568
2.636263
2.642192
2.637834

50.34014
50.07034
51.62336
51.0356
52.9649
48.14387
46.83441
45.65382
38.35132
33.76106

11.46429
13.31306
13.87808
13.99166
16.39431
10.36136
11.54462
11.18501
13.30655
12.18314

75.05192
53.49224
61.38725
55.45199
54.37798
61.42843
70.82334
75.15762
64.93361
63.73462

2.1744332
19.919036
11.729424
17.132513
14.668852
17.049894
4.5267956
0.3427657
0.3699377
0.1790031

SC-80B/5-7'
5.5
SC-80B/7-8.5' 8.2
SC-80B/10-11.5' 11.25
SC-80B/11.5-13' 12.7
SC-80B/15-16' 15.5
SC-80B/16-17' 16.5
SC-80B/20-22' 21.5
SC-80B/25-27' 26.5
SC-80B/30-31.5' 30.25
SC-80B/30-31.5' 31.25
SC-80B/31.5-33' 32.75
SC-80B/35-36.5' 35.2
SC-80B/35-36.5' 36.2
SC-80B/36.5-37' 37.7
SC-80B/40-41.5' 40.25
SC-80B/41.5-42.5' 42

V
V
V
V
V
V
V
V
V
V
V
V
V
V
V
V

26.6925
21.38373
21.79078
21.76579
19.72035
24.87304
21.46253
20.51444
25.47095
24.91202
14.21666
7.380402
11.913
14.83664
12.94078
20.34873

1.46136
1.428491
1.400192
1.388153
1.456319
1.436944
1.399032
1.41693
1.396179
1.468159
1.689575
1.853801
1.788781
1.801043
1.797931
1.622743

2.536202
2.571322
2.580204
2.630571
2.598975
2.600125
2.605682
2.61977
2.612334
2.598246
2.640582
2.634572
2.61709
2.634754
2.635208
2.654467

42.37997
44.44526
45.73329
47.22997
43.96563
44.73559
46.3084
45.91396
46.55436
43.49421
36.01504
29.63558
31.65001
31.64286
31.77272
38.86746

3.060218
13.69958
14.29674
16.15651
14.75275
8.523477
16.15632
15.61557
9.373167
6.809255
10.08878
15.12331
9.589978
3.909155
8.627649
5.593933

90.7801
68.93846
56.47764
55.09605
61.06761
77.48146
63.33613
52.97321
59.99649
84.23523
36.06038
32.19678
57.43642
70.28274
72.84573
84.44549

1.9989945
0.2380517
12.261232
10.695781
5.3771967
3.4655306
1.7753369
13.016276
19.869698
0.1092288
35.926942
16.77229
12.263495
17.363274
ND<0.1
1.1621809

(1) Sample Orientation: H = horizontal; V = vertical (2) Total Porosity = no pore f luids in place; all interconnected pore channels;
Air Filled = pore channels not occupied by pore f luids (3) Water = 0.9992 g/cc, Hydrocarbon = 0.8200 g/cc; Vb = Bulk Volume,
cc; Pv = Pore Volume, cc; ND = Not Detected

Table 5.1: Summary of the Data for Physical Properties.
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The fluid samples were analyzed for density and viscosity by ASTM Method
D445 and API Method RP40. LNAPLs present in the modeled area are characterized as a
light crude oil. The fluid samples were also analyzed for LNAPL-water interfacial
tension and LNAPL and groundwater surface tensions by a DuNouy ring tensiometer
using ASTM Method D971. Fluid saturations were measured using the Dean-Stark
method (ASTM D425M), a centrifuge extraction method (CMS, 2004).

Water Level and LNAPL Thickness
Water level measurements are available at the monitoring wells, pumping wells,
and at the river. The elevations of LNAPL have been gauged within the area of the Lower
Refinery recovery well network and are available. These gauges measure both the start
and end depths of the LNAPL, and thus the LNAPL thickness can be calculated directly.

GEOLOGY AND HYDROGEOLOGY
Local Geology
BP contracted an investigation of the soil of the Lower Refinery Area including
the soil stratigraphy and the type of formations at the site. The available data consist of
the boring logs, measurements of some of the soil properties, and a general description of
the stratigraphy. A short description of the geology of the site is presented in this chapter
and some illustrations of the available data are presented. A more thorough description of
the geology is available at Appendix 9-A of the RFI Report (RETEC, 2004a).
In general terms, the stratigraphy of the Lower Refinery Area consists of
sedimentary bedrock overlain by two layers: Zones A and B. Zone A is predominantly a
mix of Silt and Clay with some Sand. Zone A overlays Zone B which is predominated by
Sand. An additional Zone, Zone C, is present at the site only beneath the Riverfront Area
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and does not extend south into the Lower Refinery Area. The following two sections
contain a description of each of these formations.

The Sedimentary Bedrock Beneath Zones A and B
The sedimentary bedrock consists of limestone, marine and non-marine shales,
and sandstones of Pennsylvanian age. In the borings and wells drilled in the Lower
Refinery Area, two types of soils that can be classified as belonging to the Pleasanton
Group have been encountered:
1. Shale: a formation that is light gray to grayish-blue, highly to slightly weathered,
hard, and laminated containing occasional fine or thin crystalline limestone seams.
This formation has been encountered at AT-002, ROW-010, S-003, SAS-001, SAS002, SAS-004, and SCB-001 through SCB-003. It functions as a basal base beneath
the Lower Refinery Area (Thompson, 1995).
2. Sandstone: a formation that is light brown, highly weathered sandstone. This
formation has been encountered at MW-058 and MW-058R.

Unconsolidated Sediments
The unconsolidated sediments consist of three lithologic zones that represent a
coarsening downward sequence and were defined as Zones A through C. An example of
the isopach maps (thickness contours) available is illustrated in Figure 5.3. They consist
mainly of alluvial and/or colluvial deposits present within the floodplains of both the
Missouri River and Sugar Creek. Only Zones A and B are present below the Lower
Refinery Area.
•

Zone A: silty clay or clayey silt with occasional to little fine sand. Its thickness ranges
from approximately 60 feet at SCB-003 (south central Lower Refinery Area
boundary) to approximately 8 feet at SC-49 and SC-50 located along the southern
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boundary of the former Inlet Basin in the Riverfront Area. Core samples at LRSB04A, LRSB-05A, LRSB-06A, and SC-80B were taken from this formation. These
samples show a percent silt and clay between 70 and 100 %. The rest of the soil
percent is fine sand.

Figure 5.3: Illustration of the Isopach available of Zone A.
Source: Corrective Measures Study for the Lower Refinery Area. BP Products North
America, Inc. (a former Amoco Oil Company) Sugar Creek, Missouri. Prepared
by The RETEC Group, Inc., November 5, 2004.
•

Zone B: fine to coarse sand with little to some fine to coarse gravel. Its thickness
ranges from approximately 37 feet at MW-026 (north central boundary of the
Riverfront Area) to approximately 9.5 feet at S-003 (northwest corner of the Lower
Refinery Area). Zone B extend below the Lower Refinery Area at its northern
boundaries. The sand percent at the different borings in Zone B varies a lot; it ranges
between 85 to 96 percent fine to medium sand at LRSB-05A with the rest as silt and
clay, to a range of 32 to 42 percent fine to medium sand, and 58 to 68 percent silt and
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clay at LRSB-06A. SC-80C has approximately 7 percent gravel, 89 percent fine to
coarse sand, and 4 percent silt and clay.
•

Zone C: coarse sand and gravel with occasional boulders. Zone C does not extend
below the Lower Refinery Area.
The interpretation of the soil profile at the site is based on the geotechnical soil

investigation includes borings at multiple locations across the site. The interpreted soil
profile is usually not an accurate presentation of the stratigraphy at any location across
the site. Describing the soil by a few layers hides part of the vertical variability at the site
as illustrated in Figure 5.4, which describes a section at the Lower Refinery Area. This
aspect will be discussed further in Chapter 6. The main features to observe in Figure 5.4
include:
•

Non-clear boundaries between the layers.

•

Natural variability within each layer, i.e., fissures or anomalies,

•

Irregularity in the soil interface.
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Figure 5.4: Illustration of the Possible Variability in the Soil Properties From the Lower refinery Area.
Source: Corrective Measures Study for the Lower Refinery Area. BP Products North America, Inc. (a former Amoco Oil Company)
Sugar Creek, Missouri. Prepared by The RETEC Group, Inc., November 5, 2004.
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Hydrogeology
The hydrogeological description of the site consists of three main points: 1Direction of water flow, 2- Depth of groundwater (bgs), and 3- Groundwater elevation
(amsl).
1. Direction of water flow: Groundwater flow in the unconsolidated sediments beneath
the Lower Refinery Area is to the north-northwest toward the Missouri River.
Groundwater flow in the unconsolidated sediments is primarily within lithologic Zone
B along the northern half of the Lower Refinery Area, and within Zone A in the
southern half of the Lower Refinery Area. An illustration of the type of information
available is given in Figure 5.5.

710

720
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740
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760
780
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790

740

Figure 5.5: Illustration of the Groundwater Contours Data Available in the Corrective
Measures Study. Groundwater Elevations in feet AMSL on June 2003.
Source: Corrective Measures Study for the Lower Refinery Area. BP Products North
America, Inc. (a former Amoco Oil Company) Sugar Creek, Missouri. Prepared
by The RETEC Group, Inc., November 5, 2004.
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2. Depth of groundwater: Historically, depth to water table in the Lower Refinery Area
ranges from approximately 1.5 feet below ground surface (bgs) along Sugar Creek
north of the underflow weir (abandoned piezometers SC-67 and SC-68), to
approximately 35 feet bgs in the area of the operating recovery well system (ROW006A) (Available at CMS RETEC, 2004a, Figure 1-14). The depth to groundwater
generally increases to the southeast, away from the Missouri River and Sugar Creek
and corresponding with an increase in ground surface elevation (Available at CMS
RETEC, 2004a, Figure 1-14).
3. Groundwater elevation: Groundwater elevations measured in Lower Refinery Area
monitoring wells range from an historical high of approximately 750 feet above mean
sea level (amsl) at monitoring well A-006, to an historical low of 705 feet amsl within
the recovery well system at recovery observation wells ROW-007, ROW-008, and
MW-179 (Available at RETEC, 2004a, Appendix 9-C).

On-site tests to measure the hydraulic properties of the soil were performed. This
effort and its results are summarized hereafter:
•

Hydraulic Conductivity: Hydraulic conductivity was estimated using two different
approaches: 1- slug tests conducted in individual monitoring wells, and 2- soil core
analyses. In general, hydraulic conductivity increases with depth due to the fact that
soil coarsens with depth. In addition, hydraulic conductivities measured using slug
tests were higher than those measured from soil cores.

o Slug tests: used to estimate the hydraulic conductivity for lithologic Zone A.
Three monitoring wells were slug-tested: AT-008, AT-010, and MW-050; and
the results showed a measured hydraulic conductivity ranging from 5.2x10-4
to 1.1x10-3 centimeters per second (cm/sec). Table 5.2 illustrates the results.

o Soil core analyses: cores were collected from soil borings LRSB-04A, LRSB05A, and LRSB-06A and tested at the laboratory. The hydraulic conductivities
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corresponding with lithologic Zone A ranges from 9.7x10-5 to 4.0x10-4
cm/sec, and those with lithologic Zone B from 7.1x10-4 to 5.7x10-3 cm/sec.
Table 5.3 illustrates the results.

Site ID
AT-008
AT-010

Test Date

Soil Description

4/2/1995 clay; some silt and sand
4/2/1995 clay; some silt and sand

Rising Head Test
Lithologic Falling Head Test
Slug
In
Slug Out
Zone
ft/min
cm/sec
ft/min
cm/sec
A
1.00E-03 5.20E-04
A
4.10E-04 2.10E-04 2.70E-04 1.40E-04

Table 5.2: Hydraulic Conductivity Measurements based on Slug Tests
Site ID Test Date

Soil Description

LRSB-04A 6/14/2003 clayey silt; little fine sand
fine sand; little silt-clay
fine sand; some silt-clay
LRSB-06A 6/12/2003 clayey silt; some fine sand
clayey silt; some fine sand
fine sand; little silt-clay
LRSB-05A 6/13/2003 clayey silt; little fine sand
clayey silt; some fine sand
clayey silt; fine sand

Lithologic Soil Core
Zone
Depth
ft (bgs)
A
27
B
35.5
B
33.5
A
33
A
34.1
B
35.5
A
32.1
A
34.1
B
36.9

Hydraulic
Conductivity
ft/min
cm/sec
1.90E-04 9.70E-05
1.10E-02 5.70E-03
1.40E-03 7.10E-04
6.90E-04 3.50E-04
7.10E-04 3.60E-04
1.10E-02 5.70E-03
7.30E-04 3.70E-04
7.90E-04 4.00E-04
9.60E-04 4.90E-04

Table 5.3: Hydraulic Conductivity Measurements based on Soil Cores.
•

Horizontal Hydraulic Gradients: BP measured the horizontal hydraulic gradient in
lithologic Zone A using five monitoring well pairs located approximately parallel
to the groundwater flow direction. The Horizontal hydraulic gradients were
estimated from the June 2003 fluid level measurements used to prepare the
groundwater potentiometric surface map. The river level and the recorded
pumping rates from the wells in this period were higher than what was observed
in the following several months. The calculated horizontal hydraulic gradients
range from 0.01 to 0.09 (Table 5.4).

•

Vertical Hydraulic Gradients: Three available well pairs (i.e., A-008/A-008A, A015/A-015A, and A-040/ROW-005) were used to measure vertical hydraulic
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gradients in the unconsolidated sediments in the Lower Refinery Area. The
majority of vertical gradients are downward, with vertical gradients calculated
ranging from 0.4 downward to 0.15 upward. More details are available in the BP
report (CMS, 2004).

Well Pair

AT-002
A-041
AT-008
A-014
MW-087
A-027R
AT-007
A-004R
MW-058R
A-028

Soil Description

Distance
Between
Pairs
(ft)

Silt
975
Clay, some silt and sand
500
Silty clay to clayey silt
Silty clay
Clay, some silt and sand
Clayey silt to silty clay
Silty clay

580
860
450

Groundwater
Elevation on June
2003
ft amsl
790.62
720.3
746.99
730.48
740.04
726.8
741.53
730.91
754.37
713.89

Horizontal
Hydraulic
Gradient

ft/min

Average
Linear
Groundwater
ft/year

0.07

0.001

106

0.03

0.00057

28

0.02

0.00057

19

0.01

0.001

19

0.09

0.00057

76

Hydraulic
Conductivity

Table 5.4: Horizontal Hydraulic Gradients and Average Linear Groundwater Velocity at
the Lower Refinery Area.
•

Groundwater Velocity: The groundwater velocity was calculated for lithologic Zone
A using Darcy’s law and using the site-specific horizontal hydraulic conductivity
data, effective porosity data, and horizontal gradients (Table 5.4).
(5.1)

v = Ki /η

Where:

v = velocity
K = hydraulic conductivity
i = hydraulic gradient

η = effective porosity
The Average linear groundwater velocities were estimated between five
monitoring well pairs. The values range between 0.05 feet/day and 0.29 feet/day.
The calculated values most probably are not very representative and they depend
on some local heterogeneity; for instance, at the eastern boundary, the two
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measured values between two different pairs of wells defer substantially and are
0.05 and 0.21 feet/day, respectively.

Current Condition
A recovery well system, including recovery wells, observation wells, an LNAPL
storage tank (Tank 95R), a water treatment system, and associated piping, has been
installed in the Lower Refinery Area. After the presence of LNAPL was observed in
monitoring wells installed in the Lower Refinery Area in the early 1980s, this system was
considered as an interim measure to recover LNAPL to the extent practical.
Currently six recovery wells illustrated in Figure 5.2 are used to recover LNAPL
(R-001, R-002, R-006, R-007, R-008, and R-009). The system equipment for these
recovery wells was modified or replaced, from 2002 to early 2003, to increase the
efficiency of the active recovery. An additional pumping well, R-015, is used to
maintaining hydraulic control adjacent to Sugar Creek observation point SCOP-08.
The installation of the wells started in 1982 with three wells R-001, R-002, and R003, which was replaced by R-004 in 1994. Six additional wells were installed beginning
in 1987 (R-005, R-006, R-007, R-008, R-009, and R-010), and then other six wells were
installed in 1998 (R-011 to R-016). Sixteen recovery wells were operated in the Lower
Refinery Area at a certain point in time before eight recovery wells were shut down over
time due to minimal LNAPL recovery.

LNAPL Saturated Thickness
BP estimated the saturated thickness in the Lower Refinery Area to range from
3.5 feet at monitoring well MW-178 (located along the northern boundary, northeast of
operating recovery well R-009) to approximately 21 feet at observation well ROW-005
(located along the north-central boundary of the Lower Refinery Area) based on an
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average depth to groundwater and the corresponding depth to bedrock. The calculations
were performed at nine monitoring wells in the Lower Refinery Area.

LNAPL Recovery and Water Pumping Records
Recovery records have been kept since the start of the operation of the recovery
well network in 1982. However, the accuracy of some of the historical records dated
before the beginning of the validation of LNAPL recovery records against the total
LNAPL recovery at Tank 95R in 2002 is questionable because of some inconsistency.
The actual recovery records for LNAPL since June 2003 are available. In addition,
measurements of the volumes of pumped water are available. The LNAPL recovery rates
and the water pumping rates can thus be calculated.

LNAPL RECOVERY
The rate of recovery of LNAPL from the Lower Refinery Area and the rate of
water pumping are measured at the site and recorded. In addition, the water levels at the
stage of the river, pumping wells, and observation wells were recorded regularly.
The formula relating the ratio of LNAPL and water transmissibilities to the
LNAPL and water pumping rate is presented in Chapter 2 and given as:
Tn (bn )
Q
(5.2)
= ρr * n
Tw (bw )
Qw
Knowing that the ratio of transmissibilities near a well is related by a factor of
ρr (density ratio) with the ratio of LNAPL to water pumping rates, the outcome of

HELRM can be evaluated using the LNAPL and water pumping rates. In addition, the
influence of the nearby river on the operation of the system of wells is also examined in
this section.
The operation strategy at the site reduces the effect of the river level fluctuation
on the efficiency of the LNAPL recovery. The strategy is to keep the water level at a
173

certain depth below the soil interface. Thus, based on the Heterogeneous Environment
LNAPL Recovery Model (HELRM) and within a period of time in which the LNAPL
specific volume change is not significant, this strategy will keep the ratio of
transmissibility almost constant at each well and as a result the ratio of LNAPL recovery
rate to the water production rate will also be kept constant. This effect is illustrated in
Figure 5.6 where the variation in the level of the stage of the river (given by the dark
marks and the left side y-axis) is not reflected by a similar variation in the ratio of the rate
of LNAPL recovery to the rate of water production Qn/Qw (given by the open symbols
and the right side y-axis). However, to maintain a constant level of water at a well while
the river stage level is going down, less water pumping is needed. This effect is
illustrated in Figure 5.7 where the rate of water pumping (given by the open symbols and
the right side y-axis) goes down as the level of the stage of the river (given by the dark
marks and the left side y-axis) goes down. As a result the rate of LNAPL recovery
(illustrated in Figure 5.8 by the open symbols and the right side y-axis) goes down as the
level of the stage of the river goes down. This result implies that the additional LNAPL
recovery associated with a higher stage of the river is mainly due to the additional
gradient and not to an additional efficiency in the recovery.
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Comparison of the River and Observation Wells
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Figure 5.6: Correlation between the River Stage Level (Given by the Dark Marks and the
Left Side Y-Axis) and the Efficiency of the LNAPL Recovery (Given by the
Open Symbols and the Right Side Y-Axis) at the Lower Refinery Area.
Comparison of the River and Observation Wells
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Figure 5.7: Correlation between the River Stage Level (Given by the Dark Marks and the
Left Side Y-Axis) and the Water Pumping Rate (Given by the Open
Symbols and the Right Side Y-Axis) at the Lower Refinery Area.
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Comparison of the River and Observation Wells
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Figure 5.8: Correlation between the River Stage Level (Given by the Dark Marks and the
Left Side Y-Axis) and the Rate of LNAPL Recovery (Given by the Open
Symbols and the Right Side Y-Axis) at the Lower Refinery Area.
This same operation strategy and its effect on the recovery at well R-001 is
illustrated in Figure 5.9. The Qn/Qw ratio at R-001 is not systematically influenced by the
change in the river stage level as illustrated in the Figure 5.8. However, the influence of
the river stage on the efficiency of recovery at pumping well R-006 is more significant as
illustrated in Figure 5.10. One interpretation is that this influence is due to the fact that
the soil interface near R-006 is very inclined as illustrated in Figure 5.11. Thus reducing
the water level to one or two feet near the well does not necessarily keep the water level
below the interface further from the well where this soil interface is several feet lower
than near the well. In this situation, the river stage, that affects the hydrology of the
whole site, will have more influence on this specific well. In addition, the interpreted
inclined interface between the soil layers at R-006 may be an indication of a poorly
defined interface at this location. Thus the variation in the Qn/Qw ratio may be due to the
variation in the soil properties with depth and the lack of a clear interface.
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The change in Qn/Qw versus the water level at well R-006 doesn’t show a
definitive trend as illustrated in Figure 5.12. Apparently, the influence on Qn/Qw is not
due exclusively to the water table near the well, but to the water level within the active
capture area of the well.

Illustration Site: Well R-001
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Figure 5.9: Correlation between the River Stage Level and the Efficiency of LNAPL
Recovery at Well R-001.

177

Illustration Site: Well R-006
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Figure 5.10: Correlation between the River Stage Level and the Efficiency of LNAPL
Recovery at Well R-006.
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Qn/Qw
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Figure 5.11: Cross Section at Wells R-001 and R-006.
Source: Corrective Measures Study for the Lower Refinery Area. BP Products North
America, Inc. (a former Amoco Oil Company) Sugar Creek, Missouri. Prepared
by The RETEC Group, Inc., November 5, 2004.
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Illustration Site: Well R-006
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Figure 5.12: Correlation between the Water Level near the Well and the Efficiency of
LNAPL Recovery at Well R-006.

THE BP EXPERIMENT
BP performed an experiment on well R-007 between years 2002 and 2004 to
examine the effect of drawdown on the rate of LNAPL recovery. The test was performed
with the expectation that “it is generally accepted that depressing the groundwater
elevation at a recovery well will increase LNAPL production compared to skimming
LNAPL from the well without depressing the ground water elevation.”(CMS, 2004)
The drawdown was fixed to 1.5 feet, 4 ft, 6ft, and 11 ft. The LNAPL recovery rate
was higher for the 4 ft and 6 ft drawdown compared to the 1.5 ft drawdown. The LNAPL
recovery rates for the 4 ft and 6 ft drawdown were comparable. The LNAPL recovery
rate for the 11 ft drawdown was significantly higher than the recovery rate corresponding
to all the other drawdowns. The conclusions drawn in the report from the experiment are:
•

A sufficient drawdown has to be maintained to maximize LNAPL recovery.

•

Further information is necessary to optimize LNAPL recovery.
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•

The increase in water pumped as the drawdown is increased should be balanced with
the increase in LNAPL recovery to attain optimal solution.
Based on Appendix C of the Corrective Measures Study (CMS, 2004), the

LNAPL recovery averaged around 100 gallons per week when the groundwater
depression was set at 709 feet amsl (1.5 ft drawdown), over 500 gallons per week when
the groundwater depression was set at 704 feet amsl (approximately 6 ft drawdown), and
then over 1100 gallons per week when the groundwater depression was set at 699 feet
amsl (11 ft drawdown).
The results in the report are presented in terms of drawdown values. The
experiment did not examine the role of the change in soil type on these results. The soil
interface near well R-007 is at a level of approximately 707 feet amsl. Thus, lowering the
water level from 709 feet amsl to 704 feet amsl moved the water level from being within
the fine grain layer to within the coarse grain layer. This is expected to increase the rate
of LNAPL recovery significantly as will be illustrated in the next section: Results of the
Heterogeneous Environment LNAPL Recovery Model (HELRM). The further increase in
LNAPL recovery rate as the water level goes to 699 feet amsl is explained by the
reduction in the water transmissibility as the LNAPL transmissibility stays constant
within the coarse layer. Thus, the LNAPL recovery rate, which is proportional to the
product of the water production rate with the ratio of LNAPL transmissibility to the water
transmissibility, will increase. The model results and their justification based on the BP
experiment on well R-007 (just presented) will be discussed further in the following
section.
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RESULTS OF THE HETEROGENEOUS ENVIRONMENT LNAPL RECOVERY MODEL
(HELRM)
The Heterogeneous Environment LNAPL Recovery Model (HELRM) used to
estimate the LNAPL recovery at the site was introduced in Chapter 2. As indicated in
Chapter 2, the model is a powerful tool to perform the following tasks:
•

Compare the transmissibility of LNAPL within the different layers.

•

Observe the variation in the LNAPL and water transmissibilities as the water level
varies.

•

Account for the effect of vertical heterogeneity on the LNAPL and water
transmissibilities.

•

Compare the LNAPL and water transmissibilities for different scenarios accounting
for different degrees of vertical heterogeneity.

•

Allow to account for the effect of pumping from one well on the other wells within its
radius of influence. This capability is very important and useful. It allows the
engineer to analyze a system of wells with all wells operating simultaneously at the
site. This estimate is possible by calculating the water level depression at each well
due to the pumping at all the wells in the system.
The Heterogeneous Environment LNAPL Recovery Model (HELRM) predicts the

LNAPL recovery at the site with a fair accuracy. The model prediction for R-001 and the
measurements from the real site operation are compared hereafter as an example of the
model performance. The observed LNAPL thickness at the well during the period in
which the recovery system is not operating is 4.9 ft. During this period, the water table is
in the clay layer. The specific LNAPL volume corresponding to the water table in the
clay layer and an observed LNAPL thickness of the well of 4.9 ft is Dn = 0.3 ft. The
results from running HELRM for a Dn = 0.3 ft and for the soil environment
corresponding to R-001 are illustrated in Figure 5.13. The measured performance
corresponding to R-001 is illustrated in Figure 5.14. When the system of recovery wells
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is operating, the water table is maintained in the sand layer most of the time as illustrated
in Figure 5.14. As indicated previously in this chapter, Tn/Tw ratio is smaller than Qn/Qw
ratio by a factor of ρ = 0.8. A comparison of Figures 5.13 and 5.14 shows that the values
of Tn/Tw few feet below the soil interface are around the range of 0.004 to 0.005. The
values of Qn/Qw ratio in the sand layer, as illustrated in Figure 5.14, are between 0.001
and 0.01 with the majority of the values smaller than 0.005. These results indicate that the
model prediction fall within the range of measured performance, as illustrated for the
case of R-001.

Case Study Site: R-001: Dn = 0.3 ft of LNAPL
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Figure 5.13: Model Output for Well R-001 for an LNAPL Specific Volume of 0.3 ft.
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Illustration Site: Well R-001
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Figure 5.14: Measured Performance at Well R-001 at the Lower Refinery Area.
The model behavior is validated by the BP experiment presented in the previous
section. As shown in Figure 5.15, which illustrates the Tn/Tw ratio versus the water level
at well R-007, the ratio increases noticeably as the water level goes below the soil
interface. In this case, the Tn/Tw ratio increases by more than a factor of two for the
change of 5 ft in the water table level.
Based on Appendix C of the Corrective Measurement Study (CMS, 2004), and as
illustrated in Figure 5.16 copied from the CMS, the LNAPL recovery was multiple times
larger when the groundwater depression was set at 707 or 705 feet amsl compared to the
case of 709 amsl. The LNAPL recovery doubled when the groundwater depression was
changed again from 705 to 699 feet amsl. The soil interface near well R-007 is at a level
of approximately 707 amsl. Thus, lowering the water level from 709 feet amsl to 705 feet
amsl moved the water level from being within the fine grain layer to within the coarse
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Qn/Qw

0.007

grain layer. These results are consistent with the model outcome illustrated in Figure
5.17, which shows an exponential increase in the Tn/Tw ratio as the water table drops near
the soil interface.
The level of the stage of the river in the case of these experiments was almost the
same and equal to around 708 feet amsl. Thus, more water was pumped in the cases of
higher water depression. The increase in the recovery of LNAPL is thus due to both the
increase in water pumping and the increase in the Tn/Tw ratio. The increase in the Tn/Tw
ratio from a water level of 709 amsl to a water level of 699 amsl, as illustrated in Figure
5.17, is a few units less than a multiple of 10. The increase in the LNAPL recovery is few
units larger than a multiple of 10. The ρr value is around 0.8. For the HELRM outcome to
be accurate, the water pumping rate should have increased by a multiple of around 1.5.
The water pumping rates are not available for the whole experiment period. However, an
increase in the water pumping rate by a multiple of 1.5 to cause the additional
groundwater depression is reasonable. In summary, the gain in the rate of LNAPL
recovery is not a direct outcome of the increase in water pumping. LNAPL recovery rate
may increase or decrease as a result of increasing water pumping rate depending on the
soil heterogeneity and the change in the soil properties near the water table level.
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Case Study Site: R-007: Dn = 0.3 ft of LNAPL
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Figure 5.15: Model Output for Well R-007: LNAPL Transmissibility.
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Source: Corrective Measures Study for the Lower Refinery Area. BP Products North America, Inc. (a former
Amoco Oil Company) Sugar Creek, Missouri. Prepared by The RETEC Group, Inc., November 5, 2004.

Figure 5.16: Drawdown Experiment by BP at Well R-007.

Case Study Site: R-007: Dn = 0.3 ft of LNAPL
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Figure 5.17: Model Output for Well R-007: LNAPL to Water Transmissibility Ratio.

CONCLUSION
The data from the monitoring of the performance of the recovery wells system at
the Lower Refinery Area support the results from the Heterogeneous Environment
LNAPL Recovery Model (HELRM). The data from the BP experiment support the model
indication that a significantly higher LNAPL recovery is due to the coarse grain layer.
Also, the data from the site support the significant effect of the water level on the LNAPL
recovery. An illustrative example using well R-001 indicates that HELRM predict with a
fair accuracy the performance of the well. The values of the parameters used in HELRM
to predict the performance of well R-001 were estimated from the soil investigation data
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without any calibration. The similarity between the model predictions and the collected
data from the site validates the soundness of the model.
HELRM describes the expected performance of the well in a vertically
heterogeneous environment. HELRM goes a step further beyond the hypothesis used in
the CMS to explain the effect of water table depression on the rate of recovery of
LNAPL. The CMS doesn’t include a theoretical explanation of the observed behaviors. It
includes a description of the behavior and an indication that this behavior is consistent
with what is generally expected. The hypothesis presented in the CMS (CMS, 2004),
indicating that depressing the groundwater elevation at a recovery well will increase
LNAPL production, is not a general rule. This conclusion is though correct for geology
similar to the Lower Refinery Area geology. The CSM did not link that observation to the
heterogeneity of the site. This hypothesis does not capture the importance of the geology,
the original level of the water table, and the well design. The CMS mentioned that more
studies are necessary to interpret the recovery well system behavior (CMS, 2004). The
Heterogeneous Environment LNAPL Recovery Model (HELRM) presented in this
research provides an explanation for the performance of the recovery system in a
heterogeneous environment. HELRM predicts with a fair accuracy the performance of the
recovery wells taking into account the geology, the original level of the water table, and
the well design.
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Chapter 6: Illustration of an Optimization Example
INTRODUCTION
This chapter presents an illustration of an approach to optimize the operation of
an LNAPL recovery well system. The same approach can also be used as a design tool
before the installation of the wells. Many scenarios for the geographic distribution and
the number of wells within the system can be considered. The scenario that leads to the
optimum recovery and the best construction and operation price can be chosen. This
subject is not developed enough so far in the literature due to the complexity imposed by
the presence of a light immiscible contamination, and due to the presence of unsaturatedzone contamination.
The Lower Refinery Area is used as an illustrative example for the application of
the suggested optimization model.

OVERVIEW OF THE OPTIMIZATION APPROACH
An optimization problem is a mathematical structure to solve an objective subject
to some constraints (Ahlfeld, 2000). Even thought an optimization model does not
capture all the elements of a real world system, the optimization model represents the
most important features of the modeled real world system (Gorelick, 1993). It usually has
three key elements. These elements are:
1. The objective function: it is a quantitative description of the goal that is minimized or
maximized. Examples of an objective function include maximizing the amount of
LNAPL recovered, or maximizing the ratio of LNAPL recovered to the water
pumped (efficiency of recovery of LNAPL).
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2. The decision variables: The unknown quantities that can be managed or controlled.
Another name sometimes given to the decision variables is “management controls.”
An example of the decision variables is the water pumping rate.
3. The constraints: Restrictions that must be obeyed in the final design. Examples of
constraints include the drawdown at the wells, maximum total pumping, and
maximum pumping at each well.
The evaluation of whether specific control options meet the design criteria is
usually done using simulation models (Gorelick, 1993). The optimization approach is a
very valuable tool of analysis because of main three reasons. These reasons are (Ahlfeld,
2000):
1. It effectively automates the trial and error and efficiently search for the “best”
solution to satisfy an objective subject to some constraints.
2. It can automatically and conclusively identify that no feasible solution exists if this is
the case.
3. It helps the analyst quantify the goals, the objectives, and the constraints.

OPTIMIZATION IN GROUND WATER REMEDIATION
Optimization approaches have been used widely in the domain of remediation of
dissolved-solute plumes of miscible contamination in the saturated zone of an
unconsolidated aquifer (Gorelick, 1993). The coupling between simulation models and
the management controls is a key feature of the optimization approach in this case
(Ahlfeld, 2000). The use of the optimization approach in the recovery of LNAPL using
pumping wells has not been sufficiently developed enough so far in the literature. This
fact is due to the complexity imposed by the presence of a light immiscible
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contamination, and due to the presence of unsaturated-zone contamination (Gorelick,
1993).

OPTIMIZATION MODEL
The optimization model mainly consists of three elements:
•

The objective function: depends on the specific problem and on the remediation
plans. Two objective functions can be of interest while optimizing the recovery from
an LNAPL pumping well recovery system. These two objective functions are:

o Maximize the total LNAPL recovery rate. The objective in this case is to
maximize the total amount of LNAPL recovered from the underground in a
specific time period regardless of the amount of water needed to be pumped
out as long as the constraints are not violated. The total recovery rate is the
sum of the individual recovery rates at each well. In this case, the ratio of
LNAPL recovered to the water pumped may not be optimal. The model will
not pay attention to the efficiency of LNAPL recovered unless it is specified
in the constraints
(6.1)

m

Maximize∑ (Qn ) i
i =1

(6.2)

Where Qni =

1

ρr

*

Tni
* Qwi and i is the well number.
Twi

o Optimize the efficiency of LNAPL recovery. In this case, the ratio of LNAPL
recovered to the water pumped is maximized. The total amount of LNAPL
recovered may be large or small. The model will not pay attention to the
amount of LNAPL recovered unless it is specified in the constraints.
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(6.3)

(6.4)
•

 m


 ∑ (Qn ) i 

i =1




Maximize
 m


 ∑ (Qw ) i 

 i =1


1 Tni
Where Qni =
*
* Qwi and i is the well number.
ρ r Twi

The management controls or decision variables are the variables that the operator
varies to change the outcome of the system. To be able to maximize the objective
function, we have to express the objective function in term of the decision variables.
The management controls could be the screen length of the well, the wells location, or
any other parameters that influence the system of wells performance. The selection of
the management controls depends on the definition of the optimization problem and
its objectives. In the presented case, the decision variables are the water pumping
rates at the different wells. The values of the decision variables at optimum are the
intended output from the optimization model. These variables, the water pumping
rates, are the one the operator controls.

•

The constraints: limitations placed on the decision variables or on other entities
dependent on the decision variables. The main role of the constraints is to capture the
main physical or operational limitations from the real life. These constraints represent
boundary conditions that will keep the results realistic. They also give the designer
the ability to control the output. The main constraints used in the model are:

o Maximum pumping rate at each well.
o Maximum total pumping rate which represents the limitation of the storage or
treatment facility for the recovered water and LNAPL.

o The drawdown at each of the wells.
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The constraints and the objective function have to be related to the decision
variable. Below is a short description of the relation of the objective function and the
suggested constraints to the decision variable.

Drawdown
Drawdown, or si, is the lowering in the water table associated with groundwater
pumping as illustrated in Figure 6.1. The drawdown can be calculated using numerical
models like MODFLOW or simple simulation equations like the Thiem equation
depending on the complexity of the problem. The use of the Thiem equation requires the
assumption of a homogeneous environment and values for the transmissivity and for the
radius of influence. The transmissivity can be calculated as an initial value based on the
initial saturated thickness of the formation near the screen of the well. Also, the
transmissivity can be calculated as a function of the drawdown based on the site specific
correlations developed using the the Heterogeneous Environment LNAPL Recovery
Model (HELRM). The second method gives more accurate results but is more
complicated. In this dissertation, the Thiem equation is used to calculate the drawdown.

The LNAPL Recovery Rate (Qn) in Term of the Water Pumping Rate (Qw)

(6.5)

The LNAPL recovery rate at a well is given as:
1 Tni
Qni =
*
* Qwi where i is well number.
ρ r Twi
Tn/Tw will be calculated in the Heterogeneous Environment LNAPL Recovery

Model (HELRM) as a function of the drawdown. These functions are site and location
specific and developed using the the Heterogeneous Environment LNAPL Recovery
Model (HELRM) (the Tn/Tw charts versus water table). These functions depend on the
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specific volume of LNAPL at the location, the soil properties, and the well characteristics
(screen length and depth). Since the drawdown at each well depends on the water
pumping rates at all the wells for which it falls within their radius of influence, the Tn/Tw
depends on the water pumping rates of all the wells. Tn/Tw at a well is a function of the
water pumping rate at the same well and other wells. As a result, Qni at a well depends on
water pumping at other wells. In this away the model is accounting for the interaction
between the wells in the recovery system.

Tn/Tw as a Function of the Water Level
In Chapters 4 and 5, the Heterogeneous Environment LNAPL Recovery Model
(HELRM) introduced in Chapter 2 was used to develop charts that illustrate the
correlation between the Tn/Tw and the water level at each of the wells in the system. This
means that Tn/Tw can be expressed in terms of the water level in the well, Dwi at well i. In
this illustrative example, the water level is measured in terms of feet under the surface
level near the top of the well. In addition, Dwi[initial] is the original water level before the
start of pumping at a well i, measured in terms of feet under the surface level. Also, si is
the drawdown at the well i due to pumping at all the wells. These parameters are
illustrated in Figure 6.1. Then,
(6.6)

Dwi = Dwi[ initial ] + s i
Tni
3
2
(6.7)
= a * Dwi + b * Dwi + c * Dwi + d where a, b, c, and d are constants. Notice
Twi
T
that the form of the function of ni in term of Dwi is not necessary a polynomial
Twi
equation. It can have any form depending on the specific well and surrounding formation.
T
In fact, in the illustrated example, the form of the function of ni in term of Dwi was
Twi
195

exponential at many wells. In the illustrated example, Tw is expressed as a bi-linear
function. The drawdown si depends on the water pumping Qw at the surrounding wells.

Illustration of the Optimization Model Parameters

Well

Dw i[initial]

Soil Surface
Original Water Level

Dw i

si

Water Level after Pumping

Figure 6.1: Illustration of Parameters Used to Define the Optimization Model.

LIMITATIONS
The validity of the optimization model depends on the validity of the
quantification of the various components of the model. The two main components of the
model are the Tn/Tw charts versus the water level at each of the wells, and the calculation
of the drawdown subject to the pumping wells at the various wells.
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Limitations Corresponding to the Development of the Tn/Tw Functions
The determination of the Tn/Tw functions and their soundness compared to the
results from a real site was validated in another chapter. In this section, some of the
limitations associated with this approach and that may alter the outcome of the
optimization model are presented and discussed.
•

Vertical variability: The Heterogeneous Environment LNAPL Recovery Model
(HELRM) used to develop the Tn/Tw charts allows for vertical variability. It allows
the use of 14 soil layers with different thicknesses and properties. Each of these layers
is described by two sets of parameters: one set of parameters describes the soil at the
top of the layer, and another set describes the soil at the bottom of the layer. At each
depth within the layer, linear interpolation is used to determine the value of the soil
parameters. The soil environment is often heterogeneous. Most often the geotechnical
soil investigation includes borings at multiple locations across the site. Based on these
borings, a generic soil profile for the site across one or many sections will be
developed. These soil profiles are usually not an accurate presentation of the
stratigraphy at any location across the site. They are based on the interpretation of the
engineer of the few available data and their extrapolation to describe the whole site.
In addition, describing the soil by a few layers hides part of the vertical variability at
the site. These features are illustrated in Chapter 5 in Figure 5.4, which describes a
section at the Lower Refinery Area. This is due to many factors that includes:

o Non-clear boundaries between the layers: the variation in the soil criteria (fine
to coarse grain composition, soil structure, etc.) along the depth may varies
gradually. In this case, no distinct layers will exist. The Heterogeneous
Environment LNAPL Recovery Model (HELRM) has the capability to deal
with complex vertical heterogeneity as indicated before. However, the
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limitation may originate in the estimation of the parameters to be used in the
model. In other words, the high capability of HELRM to describe the vertical
heterogeneity is not a guarantee that the model will depict the real site
situation in the absence of enough soil measurements that support that.
However, the capability to introduce various aspects of the vertical
heterogeneity allows the designer or analyst to compare the various outcomes
and to qualify and/or quantify the potential differences between the different
scenarios.

o Natural variability within each layer (fissures, or anomalies): anomalies or
thin layers of different soil type sometimes exist within a soil layer. These
anomalies may not be detected by the geotechnical site investigation. The
significance of a thin layer of different soil type is examined in a different
chapter. The local anomalies are not expected to have a large significance on
the amount or efficiency of LNAPL recovery since they are not laterally
continuous within the recovery area.

o Irregularity in the soil interface: The soil interface between two layers may
have many irregularities, vertexes and bottoms. Due to the often limited
amount of available measurements across the site, the representation of the
stratigraphy at the site neglects these irregularities. Thus, the depth of the
interface between two layers away from the boring location may not be
representative of the true site conditions. In this context, it is important to
notice the significant influence the level of the water table relative to the soil
interface plays in determining the amount and effectiveness of LNAPL
recovery.
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•

Mathematical representation of the charts: The charts representing the Tn/Tw versus
the level of water at the well are developed using the Heterogeneous Environment
LNAPL Recovery Model (HELRM). The user of the model can choose the water
levels at which he or she wants to calculate the Tn/Tw values. A mathematical
function is then used to fit the calculated Tn/Tw values versus the water level. Various
types of mathematical functions can also be used to describe Tn/Tw.

These

mathematical fits can be very close to the calculated values but they are not an exact
representation of the Tn/Tw charts versus water level. The accuracy lost using the
mathematical functions is not expected to be significant.

Calculation of the Drawdown
The drawdown is calculated using the potential theory. The drawdown at any
location is the net result of the superposition of the drawdown resulting from the pumping
at the various wells that this location is within their radius of influence. Some of the
issues that should be considered in the calculation of the drawdown are listed thereafter.
The choice of the complexity of the model should depend on the objectives of the model
(Kelson et al., 2002). A simplified analytical model can provide good enough results for
drawdown calculations (Kelson et al., 2002). The issues associated with analytical
models are presented below:

Possibility of the Use of Different Models
Depending on the soil and hydrological properties of the site, the estimation of the
drawdown can be performed using different simulation theories. Most of these theories
are approximations and are developed subject to many assumptions that are often not met
199

in real life problems. However, these models represent a good approximation of the
drawdown even if not all the assumptions used when the models are developed are met.
The choice of the theory to use depends on the aquifer conditions.
•

Unconfined aquifers: The Dupuit equation for radial flow to a well can be used to
calculate the saturation thickness at a specific distance from the well. The Dupuit
equation is developed based on the assumption that the diffuse recharge is negligible
compared to the flow induced by the well (Charbeneau, 2000). Also, the equation
assumes constant n and ρ across the unconfined unit. The development of the Dupuit
equation is based on the continuity principle and on the Dupuit-Forchheimer
assumptions. These assumptions are:

o Within the unconfined aquifer, the head is independent of depth. Thus, no
vertical gradient exists and the flow is horizontal. In this situation, the
“hydrostatics” principles are applied in determining the piezometric heads
(Charbeneau, 2000).

o The discharge is proportional to the slope of the water table.
The Dupuit equation for radial flow is given as:
Q R
2
(6.8)
ln 
H 2 (r ) = H R −
πK  r 
Where:
r is the radius at which the new saturation thickness is to be
calculated.
R is the radius of influence.
K is the effective hydraulic conductivity for the location.
•

Confined aquifers: the calculation of drawdown resulting from radial flow to a well in
a confined aquifer can be calculated using the Thiem equation. The Thiem equation is
the one used in the examples of optimization problems illustrated in this chapter. The
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Thiem equation is one of the most important equations in groundwater hydraulics
(Charbeneau, 2000). It is convenient to use because of its simplicity and the limited
number of parameters it requires. The equation is given by:
Q  r2 
s1 − s 2 =
ln 
(6.9)
2πT  r1 
Where:
sn is the drawdown
r is the radius at which the new drawdown is to be calculated.
R is the radius of influence.
T is the transmissivity at the site

Assumptions Governing the Use of the Thiem Equation
Many of the assumptions listed below are not met in real sites. However, the
Thiem equation is often used in the calculation of drawdowns. These assumptions include
(Dawson et al., 1991):
1. The aquifer is bounded above and below by aquicludes.
2. All layers are horizontal and extend infinitely in the radial direction.
3. The initial piezometric surface is horizontal and extends infinitely in the radial
direction.
4. The aquifer is homogeneous and isotropic.
5. Groundwater density and viscosity are constant.
6. Groundwater flow can be descried by Darcy’s Law.
7. Groundwater flow is horizontal and is directed radially toward the well.
8. The pumping and observation wells are screened over the entire aquifer
thickness.
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9. The pumping rate is constant.
10. Steady state has been reached and drawdown is no longer changing with time.
11. Head losses through the well screen and pump intake are negligible.
12. The pumping well has an infinitesimal diameter.

The use of the Thiem equation is usually favorable when (Yeh, 2007):

o The calculation is for drawdown in the close proximity of the well where
steady flow seems present.

o The aquifer has a recharge boundary.

Superposition
Superposition is defined as “The solution to a problem involving multiple inputs
(or stresses) is equal to the sum of the solutions to a set of simpler individual problems
that form the composite problem”(Reilly et al., 1987). The superposition principle can be
applied because of the linearity of the governing differential equation with respect to the
dependent variable which is the head (and thus the drawdown) in the suggested model.
Darcy’s law, the continuity equation, and the transient groundwater flow equation for
confined aquifer are linear (Hubbell et al., 1992). In addition, superposition is possible
because the wells pump from the same confined aquifer at the same time. The application
of the superposition principle means that the drawdown at a location is the sum of the
drawdowns produced by the individual pumping wells that this location fall within their
radius of influence. The stress in this case is the rate of pumping from the well which is
not a function of the aquifer head, and thus the differential equation is linear with respect
to the head (Hubbell et al., 1992). Using a validation example, Anderson et al. (Anderson
et al, 1992) confirmed that the use of superposition principle doe not introduce significant
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error in the numerical model results for the calculation of drawdowns (Hubbell et al.,
1992).

SUMMARY OF THE USED OPTIMIZATION APPROACH
In the preceding section, descriptions of the various tools or approaches that can
be used in the optimization problem are presented. In this dissertation, the performance of
the system of recovery wells was estimated using:
•

The Heterogeneous Environment LNAPL Recovery Model (HELRM) is used to
calculate the rate of LNAPL recovery as a function of the water pumping rate and the
soil and LNAPL properties. The relation between the LNAPL recovery rate and the
water pumping rate depends on the water table level near the well.

•

The Thiem equation is used to calculate the drawdown due to pumping from a well.

•

Superposition is used to calculate the drawdown at a well due to the pumping at all
the wells in the system of wells.

ILLUSTRATIVE CASE
An example of an optimization problem is illustrated in Table 6.1. This example
includes the key elements of an optimization problem mentioned above: the objective
function, the decision variable, and the constraints. This illustrative example is applied to
the Lower Refinery Area described in Chapter 5.
In this illustrative case, the objective is to recover the largest possible amount of
LNAPL. In mathematical terms, this objective can be expressed by an objective function
that maximizes the total recovery rate at the site. The total recovery rate is the sum of the
individual recovery rate at each well. The potential LNAPL recovery rates and the
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potential water production rates at the various water table levels correspond to the
LNAPL specific volume at the initial time. The boundary conditions also correspond to
the same initial time. The effect of time, in terms of fluctuation in river level or the
reduction in the LNAPL specific volume at the site after running the recovery sustem for
a period of time, can be accounted for by running the optimization program with new
initial conditions. Each run of the optimization program correspond to a specific initial
conditions. Since the amount of LNAPL recovered during a short period of time is often
small, the initial value of LNAPL specific volume will stay valid for an amount of time
depending on the site and operation conditions.
The main constraints to the recovery effort at the site are:
•

Not to dewater the site: dewatering is restricted by keeping the water table after the
drawdown above the bottom of the aquifer. Mathematically, this constraint is
expressed by not allowing the drawdown at each of the wells to go below the bottom
of the aquifer. This formulation assumes that the maximum drawdown at the site will
be at one of the wells.

•

Not to exceed the pump capacity at each well: this constraint is honored by setting a
maximum to the pumping rate at each of the wells.

•

Not to exceed the capacity of the preliminary treatment tank at the site: this constraint
is honored by setting a maximum to the sum of the pumping rates at each of the wells.
The objective and constraints indicated above are arranged in Table 6.1. This

table includes both the conceptual description of each of the constraints and their
mathematical expressions.
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Objective:

• Maximize
amount

the
of

total
LNAPL

m

•

Maximize∑ (Qn ) i (6.10)
i =1

Recovered from the site.
where m is the number of wells used in
the recovery system
Constraints:

• The simulated drawdown

•

(6.11)

s wi ≤ s w[max]i

at each well should not
exceed a specific value

where

S w[max]i

is

the

maximum

drawdown at the well i.
• The pumping rate for any
well must not exceed a
specific maximum value

•

Qwi ≤ Qw [max]i

(6.12)

where Qw [max]i is the maximum
water pumping at the well i.
• The total pumping in the
recovery system must not
exceed

a

specific

m

•

∑Q

wi

≤ Qw[max]

(6.13)

i =1

maximum value
where Qw[max] is the maximum water
pumping allowed by all wells.
• No injection wells (all
pumping

rates

are

positive)

•

Qwi ≥ 0

(6.14)

Table 6.1: Example of Optimization Model Objective, Decision Variable, and
Constraints.
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Soil Properties at the Site
The application of the optimization model is illustrated by applying it to the
Lower Refinery Area of the Former Amoco Refinery, Sugar Creek. A full description of
the site is given in Chapter 4. In this section, a short description of the elements of the
hydrogeologic model used to describe the site is given.
The site is modeled as two layers: a clay layer over a sand layer. The original
water table is within the clay layer, 10 to 15 feet above the soil interface, depending on
the well location. Six wells are assumed to be operating at the site. Each of the wells has
different characteristics in term of screen level and surrounding geology. A summary of
the data used to model the potentials for LNAPL recovery and water production at the
site is given in Tables 6.2 and 6.3. The data used in the model are inferred from
measurements accomplished at four locations in the site. As indicated in Chapter 5, soil
borings were advanced at four locations in the modeled area of the lower refinery area.
Soil properties at the vicinity of each of the six wells are inferred from the soil properties
corresponding to the nearby boring as listed hereafter:
•

LRSB-06A corresponds to R-001 and R-008.

•

LRSB-05A corresponds to R-002 and R-006.

•

LRSB-04A corresponds to R-009.

•

SC-80B corresponds to R-007.

The fluid parameters were inferred from measurements at nearby observation wells as
indicated hereafter:
•

HB-001 for water measurements and MW-179 for LNAPL measurements for
wells R-001 and R-007.

•

ROW-006A for water and LNAPL measurements for R-002 and R-006.

•

ROW-008 for water and LNAPL measurements for R-008.
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•

ROW-009 for water measurements and MW-178 for LNAPL measurements for
wells R-009.

LNAPL
Volume

Names of Wells
Monitor Well LNAPL thickness (ft)
LNAPL Specific Volume (ft)

R-001
10
0.99394

Wells

Ground Surface Elevation (ft)
Initial Water Table Level (ft)
Initial Water Table Depth (ft)
Soil Layer Interface (ft)
Suggested First Layer Thick ness (ft)
Length (ft)

744
718
26
707
37
35

741
718
23
710
31
35

Bottom Level (ft)
Top Level (ft)
Bottom Depth (ft)
Top Depth (ft)

696
731
48
13

ρr

Screen

LNAPL

R-002
R-006
4.91
4.91
0.750633 0.482823

R-007
6.71
0.46564

R-008
10
0.99394

R-009
6.12
0.752573

741
718
23
705
36
35

741
718
23
706
35
35

744
718
26
703
41
35

741
718
23
712
29
35

691
726
50
15

696
731
45
10

696
731
45
10

685
720
59
24

681
716
60
25

0.8

0.8

0.8

0.8

0.8

0.8

µr

1.18

1.18

1.18

1.18

1.18

1.18

σaw

55

70

67

70

55

67

σan

25

25

25

25

25

25

σnw

20

15

17

18

20

17

Table 6.2: Well Characteristics and LNAPL Presence at the Lower Refinery Area.
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Thickness (ft)
n1

37

31

36

35

41

29

0.47

0.5

0.5

0.49

0.47

0.5

α1 (ft )

0.2

0.2

0.2

0.18

0.2

0.2

Ν1

5

5

5

4

5

4

Sw r1

0.55

0.2

0.2

0.6

0.55

0.2

Snrv1

0.06

0.05

0.05

0.05

0.06

0.05

Snrs1

0.08

0.05

0.05

0.05

0.08

0.05

n2

0.47

0.5

0.5

0.49

0.47

0.5

α2 (ft )

0.2

0.2

0.2

0.18

0.2

0.2

Ν2

5

5

5

4

5

4

Sw r2

0.55

0.2

0.2

0.6

0.55

0.2

Snrv2

0.06

0.05

0.05

0.05

0.06

0.05

Snrs2
k1 (ft/d)
k2 (ft/d)

0.08

0.05

0.05

0.05

0.08

0.05

1

1

1

1

1

1

1

1

1

1

1

1

Layer 1

-1

-1

Thickness (ft)
n1

Layer 2

Soil

-1

20

15

15

15

20

0.4

0.35

0.45

0.4

0.35

α1 (ft )

0.5

0.6

0.6

0.6

0.5

0.5

Ν1

3

2.5

2.5

3

3

2.5

Sw r1

0.25

0.35

0.35

0.32

0.25

0.2

Snrv1

0.075

0.075

0.075

0.075

0.075

0.075

Snrs1

0.155

0.155

0.155

0.155

0.155

0.155

n2

0.4

0.4

0.35

0.45

0.4

0.35

α2 (ft )

0.5

0.6

0.6

0.6

0.5

0.5

Ν2

3

2.5

2.5

3

3

2.5

-1

Sw r2

0.25

0.35

0.35

0.32

0.25

0.2

Snrv2

0.075

0.075

0.075

0.075

0.075

0.075

Snrs2
k1 (ft/d)
k2 (ft/d)

0.155

0.155

0.155

0.155

0.155

0.155

10

10

10

10

10

10

10

10

10

10

10

10

Thickness (ft)
n1
-1

Layer 3

15
0.4

20

20

20

20

20

20

0.4

0.4

0.35

0.45

0.4

0.35

α1 (ft )

0.5

0.6

0.6

0.6

0.5

0.5

Ν1

3

2.5

2.5

3

3

2.5

Sw r1

0.25

0.35

0.35

0.32

0.25

0.2

Snrv1

0.075

0.075

0.075

0.075

0.075

0.075

Snrs1

0.155

0.155

0.155

0.155

0.155

0.155

n2

0.4

0.4

0.35

0.45

0.4

0.35

α2 (ft )

0.5

0.6

0.6

0.6

0.5

0.5

Ν2

3

2.5

2.5

3

3

2.5

-1

Sw r2

0.25

0.35

0.35

0.32

0.25

0.2

Snrv2

0.075

0.075

0.075

0.075

0.075

0.075

Snrs2
k1 (ft/d)
k2 (ft/d)

0.155

0.155

0.155

0.155

0.155

0.155

10

10

10

10

10

10

10

10

10

10

10

10

Table 6.3: Soil Characteristics at Each of the Wells.
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RESULTS OF THE HETEROGENEOUS ENVIRONMENT LNAPL RECOVERY MODEL
(HELRM)
The model outputs of interest in this context are the LNAPL and water
transmissibilities at each well due to various water table levels near the well. These charts
are developed for each well independently of the other wells. At each well, these outputs
depend on the soil properties near the well, and on the LNAPL specific volume near the
well. The outputs from HELRM for the six wells considered in this optimization problem
are given in Appendix B. The geographic distribution of the wells in the site is illustrated
in Figure 6.2. The locations of the wells in addition to the boring holes were illustrated in
Figure 5.2. The distances between the pairs of wells are summarized in Table 6.4.
Well
Name
R-001
R-002
R-006
R-007
R-008
R-009

Distance between Wells: Lower Refinery Area
R-001
R-002
R-006
R-007
R-008
R-009
0
429.3251 251.4458 135.8308 139.9428 129.8345
429.3251
0
185.5398 323.8055 320.1999 551.0944
251.4458 185.5398
0
176.0824 134.7331 378.7611
135.8308 323.8055 176.0824
0
148.9765 234.557
139.9428 320.1999 134.7331 148.9765
0
268.881
129.8345 551.0944 378.7611 234.557 268.881
0

Table 6.4: Distance between Pairs of Wells in the Lower Refinery Area.
An example of the output and the mathematical functions fitted to the results and
then used in the model are given below. An example of the variation of the
transmissibility of LNAPL and water versus the water table level is illustrated in Figure
6.3 and 6.4, respectively. The variation of the ratio of the two transmissibilities is
illustrated in Figure 6.5. The mathematical functions used to describe the
transmissibilities in the model are summarized in Table 6.5. Appendix B includes the
graphs based on which the regression equations were developed. Bi-linear equations are
used to describe the water transmissibility at the various wells.
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Well

R-001

R-002

R-006

R-007

R-008

R-009

Regression Equation
(6.15)

Tw = -0.9641 x + 142.42 for Clay

(6.16)

Tw =-9.888 x + 476.05 for Sand

(6.17)

Tn/Tw = 10-5 e0.2012x

(6.18)

Tw = -0.985 x + 216.72 for Clay

(6.19)

Tw = -10.01 x + 500.66 for Sand

(6.20)

Tn/Tw = 10-5 e0.1832x

(6.21)

Tw = - -0.9898 x + 122.31 for Clay

(6.22)

Tw = -9.8492 x + 444.16 for Sand

(6.23)

Tn/Tw = 5 *10-6 e0.2064x

(6.24)

Tw = -.9653 x + 130.73 for Clay

(6.25)

Tw = -10.153 x + 457.66 for Sand

(6.26)

Tn/Tw = 3 *10-6 e0.216x

(6.27)

Tw = -0.9787 x + 216.74 for Clay

(6.28)

Tw = -9.6254 x + 574.21 for Sand

(6.29)

Tn/Tw = 2*10-5 e0.1484x

(6.30)

Tw = -0.9803 x + 334.64 for Clay

(6.31)

Tw = -10.004 x + 600.6 for Sand

(6.32)

Tn/Tw = 3*10-5 e0.1538x

Table 6.5: Mathematical Expression of the Transmissibilities at Each Well.
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Wells’Locations: Lower Refinery Area
400
R-009

Longitudinal (ft)

300

R-007

R-001

200
R-008

100

R-006
R-002

0
0

100

200

300

400

500

600

Latitudinal (ft)

Figure 6.2: Location of the Wells Used in the Optimization Model in the Lower Refinery
Area.
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Case Study Site: R-002: Dn = 0.75 ft of LNAPL
2.5

Tn (ft^2/d)

2

1.5

Clay
1

Sand
0.5

0
0

10

20

30

40

50

60

Water Table Depth below Surface Level (ft)

Figure 6.3: Transmissibility of LNAPL at Well R-002 of the Lower Refinery Area.

Figure 6.4: Transmissibility of Water at Well R-002 of the Lower Refinery Area.
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Figure 6.5: Ratio of LNAPL to Water Transmissibility at Well R-002 of the Lower
Refinery Area.

GAMS MODEL
GAMS is used to solve the optimization problem.
The General Algebraic Modeling System (GAMS) is specifically designed for
modeling linear, nonlinear and mixed integer optimization problems (GAMS, 2007). The
use of GAMS does not require supercomputers and can be installed on personal
computers. To solve large, complex problems, the professional GAMS version must be
used. To solve small scale problems with a limited number of constrains, the demo
version of GAMS can be used. Without a valid GAMS license the system will operate as
a free demo system and this will be indicated on the GAMS log. The limitations of the
demo version are not sever and the demo version can be used to model pumping well
213

systems even larger than the one illustrated in this chapter. For illustration purposes, the
limitations of the demo version are sited as follows (GAMS, 2007):
•

Model limits:

o Number of constraints and variables: 300
o Number of nonzero elements: 2000 (of which 1000 nonlinear)
o Number of discrete variables: 50.
•

Global solver limits:

o Number of constraints and variables: 10
GAMS uses a simple interface and gives the user the flexibility to change the
formulation easily, change from one solver to another, and/or convert from linear to
nonlinear with little trouble. It encourages good modeling habits by requiring concise and
exact specification of entities and relationships. Data can be entered using list and table
form. Models are described with algebraic statements that can be easily changed if
desired. The location and type of errors are pinpointed before a solution is attempted
(GAMS, 2007). GAM facilitates sensitivity analysis and allows the user to solve for
different values of an element and then generate an output report listing the solution
characteristics for each case. The user can include in the model code explanatory text as
part of the definition of any symbol or equation.
The GAMS code used to solve the optimization problem illustrated in this section
is attached in Appendix C. The GAMS output is attached in Appendix D.

GAMS OUTPUT
To illustrate the use of the optimization at the Lower refinery Area, a run of the
GAMS model is accomplished. The objective of this example is to maximize the total
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amount of LNAPL recovered from the site. The output of the GAMS run corresponding
to this case is summarized in Table 6.6. The mathematical expression that describes this
objective was given before in this chapter and repeated thereafter:
m

(6.26) Maximize∑ (Qn ) i
i =1

The terms used in this equation are defined before in this chapter.
The results from running the GAMS program indicate that the optimal rate of
total LNAPL recovery is achieved, for the site conditions described in the previous
section, when pumping is done at the rates illustrated in Table 6.6. This same table also
includes the maximum pumping rate allowed at each well chosen for illustration purpose.
This model outcome corresponds to an assumed value of the radius of influence at each
of the wells of 200 ft and a total pumping rate from all the wells equal to 6000 ft3/day =
31 gpm.
Q

Tn/Tw
2

Tw
2

Drawdown

Maximum

(gpm)

(ft /day)

(ft /day)

(ft)

Q (gpm)

R-001

5.5

0.086

58

19

5.5

R-002

6.8

0.038

50

22

9

R-006

1.8

0.04

16

20

9

R-007

1.5

0.037

16

20

15.5

R-008

0

0.016

5

22

15.5

R-009

15.5

0.03

120

22

15.5

Table 6.6: Optimization Model Outcome Corresponding to the Objective of Maximizing
the Quantity of LNAPL Recovered.
These results indicate that the wells with the highest efficiency of operation
(highest Tn/Tw) at the suggested water pumping rates is well: R-001 (Tn/Tw = 0.086). The
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combined efficiency corresponding to the operation of all the wells at the rates indicated
in Table 6.6 is Qn/Qw = 0.05. The total LNAPL recovery rate at the site in this case is 1.5
gpm.

R-008 and R-009 have a high LNAPL specific volume in the formations around
them. However, they have a low efficiency of LNAPL recovery mainly because they
have long screens that go deep into the formation. In addition, the properties of the soil
around the wells and the geographical distribution of the wells implicated the results. The
significance of the screen length and position is illustrated by comparing the performance
of wells R-002 and R-008. The potential for LNAPL recovery for wells R-002 and R-008
and their potential for water production are illustrated in Figures 6.3, 6.4, 6.6, and 6.7,
respectively. The potential for LNAPL recover, Tn, is larger after the depth exceed 42 ft.
After that depth, Tn is 3.5 ft2/day at well R-008, almost 1.5 times larger than the value at
well R-002. However, the potential for water production exceed 150 ft2/day within that
range at R-008 and is below 100 ft2/day (decreasing at a fast rate) at R-002. As a result,
the efficiency of LNAPL recovery (the amount of LNAPL recovered relative to the
amount of water pumped) is higher at R-002 compared to R-008 even though the
potential for LNAPL recovery is significantly higher at R-008 within this same depth
range. This difference in performance is largely attributed to the screen position at the
two wells. Both screens are 35 ft long. However, the bottom of the screen is at a depth of
45 ft at well R-002, and at a depth of 59 ft at well R-008. This difference in the location
of the bottom of the screen leads to a significant difference in the potential for water
production because the soil has a coarse formation at this depth with a relatively large
hydraulic conductivity.
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Case Study Site: R-008: Dn = 1 ft of LNAPL
4
3.5
3

Tn (ft^2/d)

2.5

Clay
2
1.5

Sand

1
0.5
0
0

10

20

30

40

50

60

Water Table Depth below Surface Level (ft)

Figure 6.6: Transmissibility of LNAPL at Well R-008 of the Lower Refinery Area.

Figure 6.7: Transmissibility of Water at Well R-008 of the Lower Refinery Area.
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The comparison between R-002 and R-008 illustrates also the significance of the
decision criteria (maximize the LNAPL production or the efficiency of the LNAPL
production) on the optimum pumping rates at a single well or a well within a system of
wells.

CONCLUSION
This chapter included an illustration of an example to optimize the operation of an
LNAPL recovery wells system. The Lower Refinery Area is used as an illustrative
example. The example can be made more complicated by adding more complicated
models to simulate the water drawdown due to pumping at the wells. The objective
function used was to maximize the total amount of LNAPL recovered from all the wells.
The model output is sensitive to:
•

The assumed radius of influence at each well.

•

The functions used to describe the Tn/Tw ratio especially at the range close to the
optimum.

•

The total maximum rate of water pumping from the site as well as the maximum
pumping rate at each of the wells.
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Chapter 7: Recommendations and Conclusions
PERSPECTIVE
This research aims to improve the analysis and design of multiphase pumping
well systems in areas contaminated by LNAPL. The focus in the first part was to quantify
the extent of possible variability in the parameters used in the Heterogeneous
Environment LNAPL Recovery Model (HELRM). In the second part the influence of
these parameters, in addition to the well components and operation factors, on the
Heterogeneous Environment LNAPL Recovery Model (HELRM) outcomes were
described and quantified. In the third part, HELRM was used to estimate the potential of
recovery at a contaminated site (Lower Refinery Area) where a system of pumping wells
is already operating. The results of the model were compared to the measurements
collected at the site. A model to optimize the LNAPL recovery is then presented. Lower
Refinery Area is used as an illustrative example for the application of the suggested
optimization model. Models to optimize the recovery of LNAPL are not developed
enough so far in the literature due to the complexity imposed by the presence of a light
immiscible contamination, and due to the presence of unsaturated-zone contamination.
Real sites are often heterogeneous and have complex geological and
hydrogeological settings. One of the outcomes of this research is to describe and quantify
how important it is to determine the local stratigraphy at a site, the position of the soil
interfaces, and the level of the water table relative to the soil interfaces.
Quantifying the potential variability in the soil parameters and the significance of
this variability in influencing HELRM’s predictions provide a better capability to deal
with heterogeneous soil environment. In other words, understanding the role of each of
the soil parameters in influencing the performance of the recovery system, and
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identifying the ranges in which the variation in these parameters will be more significant,
and quantifying this significance will be useful for the analyst or designer when the site
has a heterogeneous environment. With a developed understanding of the influence of
each of the soil parameters on HELRM predictions, the engineer can develop a more
focused site investigation. In addition, the engineer can make a better use of the available
data.

MEETING THE RESEARCH OBJECTIVES:
The objectives of this research are itemized in Chapter 1. Table 7.1 illustrates
where these itemized objectives are met. A summary of the conclusions from the various
referenced chapters in accordance to the research objectives is given in the following
section.

Objectives

Outcomes

1. Parameterize a multiphase system for •

The

parameterized

model

and

its

application to recovery operations for a

theoretical background are presented in

range of operation conditions. Quantify the

Chapter 2.

influence of these parameters - including •

The effect of each of the model’s

the well components, operating factors, and

parameters

the soil and hydrogeological parameters-

illustrated in Chapter 4.

on the instantaneous response of the system •

on

Illustrations

the

of

model

various

outcome

is

operation

for a range of operation conditions using a

conditions are illustrated in Chapter 4,

model.

including various hydrogelogical settings and
location of well screen.
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2. Describe the variability in the indicated •

A database published by API including

parameters based on the values available in

data from 29 sites is used as a source of the

the literature at multiple sites.

data.
•

The variability of the LNAPL parameters
in the database based on the site and on the
LNAPL type is illustrated in Chapter 2.

•

The variability of the soil parameters in
the database based on the site and on the soil
type is illustrated in Chapter

3. Use measurements from a real site to •
validate

the

performance

of

the

The model performance is validated in
Chapter 5 using data and performance

parameterized model.

measurements from the Lower Refinery Area,
Sugar Creek.

4. Study how to optimize the recovery of

Chapter 6 of this dissertation includes:

LNAPL for the system of wells both at the •
level of one well and a system of wells.

A theoretical introduction to optimization
and its application.

The performance of each of the wells used •

An illustration on how to develop an

in the optimization model is based on the

optimization model and how to develop its

instantaneous response of the well to an

various elements in the context of LNAPL

indicated LNAPL volume near the well.

recovery.
•

An

illustrative

application

of

an

optimization model applied to the Lower
Refinery Area.

Table 7.1: Comparison of the research objectives to the research outcomes.
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CONCLUSIONS FROM THE ACCOMPLISHED OBJECTIVES:
A summary of the conclusions based on the objectives set for this research are
presented thereafter.
Objective 3, which includes the comparison of the model performance to the real
site measurements, is addressed in Chapter 5. The illustrations presented in Chapter 5
indicate that the model describes real behavior at the site adequately.
Objective 4, the illustration of the optimization problem is presented in Chapter 6.
Due to the capability of the Heterogeneous Environment LNAPL Recovery Model
(HELRM) to correlate the recovery performance at a well to the water table level at the
well, the development of an optimization model was possible.

Objective 1:
Objective 1 is stated as: “Parameterize a multiphase system for application to
recovery operations for a range of operation conditions. Quantify the influence of these
parameters - including the well components, operating factors, and the soil and
hydrogeological parameters- on the instantaneous response of the system for a range of
operation conditions using a model”. The major conclusions in conjunction with
Objective 1, and based on the analysis presented in Chapter 4, are:

1. Determine the Major Indicators for the Performance of a System of Wells
Used for LNAPL Recovery:
The major indicators for LNAPL Recovery (soil and hydrologic criteria) that help
the decision makers to set realistic objectives regarding both the performance of the
simulation model and of the system of recovery wells are listed below:
•

LNAPL specific volume: The LNAPL specific volume is the major feature that
influences the recovery rate and recovery efficiency of LNAPL. The LNAPL specific
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volume should not be confused with the LNAPL thickness at the observation well or
the recovery well. The LNAPL thickness at an observation well can be misleading if
used as an indicator to the LNAPL specific volume without considering the soil type
around the well. The LNAPL thickness at an observation well depends both on the
LNAPL specific volume and the soil properties around the well. For the same
LNAPL specific volume, a higher LNAPL thickness will be observed at the well if
the soil formation around the well is clay compared to a sand formation. Thus, in this
specific case, the larger LNAPL thickness at the recovery well surrounded by clay
indicates a lower LNAPL recovery rate compared to a smaller LNAPL thickness at a
well surrounded by sand.
•

Stratigraphy and Soil Properties: The stratigraphy is important because of two main
reasons:

o The observed LNAPL thickness is usually used to back calculate the LNAPL
specific volume near the well. The value of the back calculated LNAPL
specific volume depends highly on the used soil properties. Since the LNAPL
specific volume is a major input to determine the potential for LNAPL
recovery, the soil properties and their vertical variation among the soil layers
significantly influence the prediction of LNAPL recovery.

o The potential for LNAPL recovery (Tn) and for water production (Tw) depends
highly on many soil properties including hydraulic conductivity, van
Genutchen properties (alpha), porosity and others.
•

Presence of a Sand layer and its thickness: The presence of a thick enough sand layer,
depending on the LNAPL specific volume, can dominate the performance of the
LNAPL recovery system if a relevant operation strategy is adopted. The potential for
LNAPL recovery per foot of a sand layer may exceed the potential for LNAPL
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recovery per foot of a clay layer by many orders of magnitude. If the thickness of a
sand layer is enough to enclose all or most of the interval of mobile (recoverable)
LNAPL that also moves vertically with the water level, and if the operator can adjust
the pumping so that this interval is within the sand layer, the influence of the other
soil layers on the potential for LNAPL recovery will become insignificant. However,
the properties of the other layers within the screen length extending below the water
table will keep influencing significantly the potential for water production.
•

Water level relative to the sand layer: As indicated in the previous section, the
properties of the sand layer have a dominant influence on the potential for LNAPL
recovery. The ability to adjust the interval of mobile LNAPL within the sand layer
depends on the relative position of the water table to the sand layer. The mobile
interval of LNAPL moves with the water table and its thickness depends on the
LNAPL specific volume and the soil properties.

•

Natural fluctuation in the water level and presence of natural entities that control this
natural fluctuation: The operator focus should be on keeping the interval of mobile
LNAPL within the sand layer. If there is a natural fluctuation of the water table, the
water pumping rate should be adjusted to accomplish the purpose of keeping the
interval of mobile LNAPL within the sand layer.

2. Design of Individual Wells
Wells should be located in the location where they can be operated to get the
higher LNAPL recovery rates. Most of the times, these locations correspond to the
locations where the highest LNAPL specific volumes exist. The highest LNAPL specific
volume doesn’t necessary correspond to the largest LNAPL thickness observed at the
observation wells. Knowing the soil properties and the LNAPL thicknesses observed at
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the observation wells, the Heterogeneous Environment LNAPL Recovery Model
(HELRM) can calculate the corresponding specific LNAPL volume. When designing the
well, it is useful to understand the effect of the screen on the well performance. Two
issues should be seriously considered and are listed as follow:
•

Length of the screen: The screen length should exceed the length of the interval of
mobile LNAPL to maximize the potential of LNAPL recovery. However, since the
interval of mobile LNAPL follows the vertical movement of the water table, the
screen length should be enough to accommodate for this movement.

•

Depth of the screen bottom: The potential for LNAPL recovery become constant
when the water table reaches few feet below the soil interface between two layers,
assuming the lower soil layer is homogeneous. However, the potential for water
production keep increase as the bottom of the screen go down, and thus the efficiency
of LNAPL recovery goes down. Thus reducing the depth of the screen bottom after
the maximum potential for LNAPL recovery is reached will optimize the efficiency
of LNAPL recovery. However, the LNAPL recovery rate depends also on the water
production rate. Thus, the screen bottom should be low enough to guaranty enough
available drawdown for the intended water production rate.

Objective 2:
Objective 2 is stated as “describe the variability in the indicated parameters based
on the values available in the literature at multiple sites.”
The data presented in Chapter 3 illustrates that variability in the soil and LNAPL
properties at a site or for a soil type can be large. Chapter 3 concludes with the two
following conclusions regarding the estimation of the LNAPL and soil parameters:
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1. The estimation of the values of the properties of the soil or LNAPL based on the
soil or LNAPL type description, respectively, often cannot guarantee accurate
results.
2. The presence of few measurements of a property at a site cannot guarantee an
accurate determination of the property values at other locations within the site.

While more details are illustrated in Chapter 3, the following synthesis some of the
outcomes:
•

The vG’s parameters show a large variability within each soil type. The vG’s
parameters corresponding to SM seem as a transition between ML and the coarse
sands’ properties (SP and SW).

•

The variability in the porosity measurements and the soil bulk density is
significant for the same soil type. The measurements from various soil types
overlap.

•

The values of the permeability of ML being toward the lower bound, and that of
SP toward the upper bound, the permeabilities measurements from the different
soil types overlap and show large variability. For instance, the permeability of ML
and SM from all the sites varies within three orders of magnitude.

•

The variability in the LNAPL density at each site is small. Similarly, the
variability of LNAPL density within the same LNAPL classification among
different sites is small.

•

The variability in the LNAPL viscosity measurements is large both at the same
site or the same LNAPL type.
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Objectives 1 and 2:
The major conclusions in conjunction with Objective 1, based on the analysis
presented in Chapter 4, and taking into account the variability of each of the parameters
quantified in Chapter 3 in accordance with Objective 2, are synthesized and presented
thereafter:

1. Data Collection for Analysis and Design
It is important to focus the effort in the site investigation on the parameters that
are the most influential, and can vary within a large interval, and, thus, are difficult to
predict based on engineering judgment or to estimate from other measurements. In this
research, an insight on the extent of variability of the soil parameters of interest was
quantified based on a statistical analysis of a database of measurement published by API
(API, 2006) to satisfy Objective 2 of this research. The database does include a fair
amount of measurements and thus can be a valuable asset to describe the variability in
these soil parameters at a generic site. Also, another important focus of the site
investigation should be to depict the stratigraphy at the site. A precise description of the
site stratigraphy allows for the optimization of the recovery efforts. The attention that
should be given to some soil parameters, description of the stratigraphy, and some oil
parameters is highlighted in the following sections.

Soil Parameters
The soil parameters that seem to have the largest influence on HELRM outcome
are the hydraulic conductivity and the van Genuchten Alpha. The porosity and van
Genuchten N have a smaller but still significant effect. The residual LNAPL saturation in
the vadose and saturated zones have a relatively small influence on the results.
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•

Hydraulic conductivity: For a homogeneous soil layer, both the potential for water
production and the potential for LNAPL recovery are perfectly correlated to the
permeability. In this case, the change in permeability has no effect at the efficiency of
LNAPL recovery Tn/Tw but on the absolute value of LNAPL recovered for a certain
drawdown and the time to reach equilibrium. In a heterogeneous setting, the
difference in the hydraulic conductivities between the two layers is a very important
parameter. Since the hydraulic conductivity can change with many orders of
magnitude for the change in soil type, the potential for LNAPL recovery can change
with many orders of magnitude depending on the location of the interval of the
mobile LNAPL. Based on the data from the API database, at the same site, and within
the same soil type, the hydraulic conductivity can vary with two orders of magnitude.
Based on the API database, the significance of the variability in the permeability
values at a single site within the same soil type is different for the various soil types.
Estimating the value of the permeability based on the soil description and few
measurements at the site will lead to non-reliable results if the soil is ML or SM, and
to reliable results if the soil is SP or SW. Thus, it is essential to get many
measurements of the hydraulic conductivity at a site to describe both the variability in
the lateral and vertical directions.

•

van Genuchten Alpha: is one of the most important parameters in influencing the
Heterogeneous Environment LNAPL Recovery Model (HELRM) outcome. Alpha
has a large influence on the potential for LNAPL recovery (Tn), the potential for
water production (Tw), and the observed LNAPL thickness at the well. The potential
for LNAPL recoverability (Tn) increases as Alpha increases. The increase in the
potential for recoverability is large within the range of observed values of Alpha. The
trend in the increase in the potential for recoverability is similar for the various
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LNAPL specific thicknesses. A soil with a larger Alpha will correspond to a smaller
observed thickness at the well and a higher LNAPL recoverability. Thus, a large
LNAPL thickness at a well is not necessary reflective of a large LNAPL specific
thickness in the formation or a large potential for LNAPL recoverability. The increase
in Alpha is reflected by a decrease in the potential for water production. The change
in the potential for water production is more significant for larger LNAPL specific
thickness than for smaller LNAPL specific thickness. Since Tn increases and Tw
decreases due to an increase in the Alpha values, the Tn/Tw ration increases fast due
to an increase in the Alpha values. Based on the API database, the variability in the
alpha (α) values at a single site is expected to be significant even within the same soil
type. The alpha (α) values from different soil types at a same site overlap. All the
observed alpha (α) values tend to be small. If one or few measurements of alpha (α)
are available at a site, it is not necessary that these measurements describe the whole
layer due to the noticeable heterogeneity observed in most layers. Knowing the soil
type is a weak indicator for the alpha (α) value based on the data from the API
database. The van Genuchten N can be either influential or not depending on the
value of Alpha.
•

Porosity: The potential for LNAPL recovery is influenced by the porosity but to an
extent smaller than the van Genuchten Alpha and the hydraulic conductivity. All the
other parameters being the same, an increase in the porosity (n) will cause a decrease
in the LNAPL thickness observed at a nearby well and a decrease in the potential for
LNAPL recovery. The decrease in the potential for LNAPL recovery depends on the
LNAPL specific volume (a larger decrease for a higher LNAPL specific volume).
However, this decrease is not expected to exceed a factor of 2 for an LNAPL specific
volume of 0.8 ft. The potential for water production is just slightly affected by the
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change in the porosity. Based on the API database, the effective porosities of the
various soil types overlap. Thus, knowing the soil type is a weak indicator to get a
precise estimation of the effective porosity.

Soil Stratigraphy
Defining the soil stratigraphy is the most significant factor to get an outcome from
the model descriptive of the real site situation. If the soil properties, especially the
hydraulic conductivity, are different by a large order between the different layers, the
position of the water level relative to the soil interface will significantly influence the
potential for LNAPL recovery. In addition, a well defined soil interface or a gradual
change in the soil properties will result in a significantly different LNAPL recovery
corresponding to some levels of the water table. Moreover, the LNAPL specific volume
near the well is back-calculated from the observed LNAPL thickness at the well. Thus the
back-calculated value of the LNAPL specific volume depends on the used soil
stratigraphy. The LNAPL specific volume is a major parameter in determining the
potential for LNAPL recovery. Describing the soil stratigraphy in an accurate way allows
for a choice of the correct modeling approach (linear or non-linear model) and for the
optimization of pumping rate and thus the recovery system.

Oil Parameters
The oil parameters can be measured easier than the soil parameters. Also, the
range within which the oil parameters may vary is not as large as the range of variation of
the soil parameters (hydraulic conductivity, van Genuchten Alpha, etc.). The influence of
the uncertainty in the values of the oil parameters is less significant than that of the soil
parameters.
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Linear Variation
The choice of using linear variation in describing part or all of the properties used
in the model depends on the site investigation results. The use of the linear capability of
the Heterogeneous Environment LNAPL Recovery Model (HELRM) allows the analyst
to quantify the effect of the uncertainty in the measurements of the parameters.

Objective 3:
Objective 3 is stated as “Use measurements from a real site to validate the
performance of the parameterized model.”
The validation of the the Heterogeneous Environment LNAPL Recovery Model
(HELRM) is presented in Chapter 5. HELRM provides an explanation for the
performance of the recovery system in a heterogeneous environment and predicts with a
fair accuracy the performance of the recovery wells taking into account the geology, the
original level of the water table, and the well design.
The data from the monitoring of the performance of the recovery wells system at
the Lower Refinery Area indicates a significantly higher LNAPL recovery is due to the
coarse grain layer and a significant effect of the water level on the LNAPL recovery. The
results from HELRM meet the measurements from the site.

Objective 4:
Objective 4 is stated as “Study how to optimize the recovery of LNAPL for the
system of wells both at the level of one well and a system of wells. The performance of
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each of the wells used in the optimization model is based on the instantaneous response
of the well to an indicated LNAPL volume near the well.”
In Chapter 4, an approach to optimize the recovery from a system of wells was
illustrated. This approach can be used either to optimize the pumping rates from an
already existing system of wells, or to consider many alternatives before the construction
of the wells.
Studying how to optimize the LNAPL production using non-linear programming
is possible due to the fact that the transmissibility of LNAPL and water can be expressed
as a function of drawdown and thus of water pumping. The ratio of the rate of LNAPL
recovered to the rate of water pumped from a well is related by a factor to the ratio of the
transmissibility of the two phases, LNAPL and water. The fact that transmissibility can
be correlated to the water drawdown allows for the incorporation of the effect of each of
the wells in the recovery system on the other wells. The correlation functions between the
water level and the transmissibilities are the output of the Heterogeneous Environment
LNAPL Recovery Model (HELRM) which calculates the instantaneous response of the
well to an indicated LNAPL volume near the well.
The application of this optimization approach is not complicated and can be
performed using optimization programs available online. The optimization of the
operation of an already existing system of wells, or the use of optimization to design and
operate a new system of wells can lead to a significant improvement in the recovery
efforts.
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CONTRIBUTIONS
This research makes an important contribution to the field of ground water
remediation in environmental engineering in general, and to the multiphase extraction
from a system of wells for the remediation of LNAPL in ground water in particular.
The outcome of this research provides the engineer, before starting running the
system and before performance data are available for calibration, with bases that allow
him or her to define:
1. Realistic objectives from the multiphase extraction system regarding the
anticipated LNAPL recovery for a certain the LNAPL specific volume.
2. The effect of the water table on the recovery rate of LNAPL based on the soil
lithology.
This research adds to the current knowledge regarding the understanding of the
relationship between the site geology, the operation parameters, and the performance of
the recovery system using multiphase extraction. It helps to focus the site investigation
activities, ameliorate the prediction of the performance of the remediation system,
observe the effect of pumping in each of the wells on the whole remediation system, and
optimize the pumping rate of LNAPL recovery systems.
This research uses the geotechnical and hydrological data conventionally gathered
at a remediation site to develop a conceptual model of the site to predict the performance
of a system of wells used to recover LNAPL from the site. The conceptual model adapted
to the site quantifies the effect of the well’s operation and design factors, the extent of
LNAPL presence under the ground, the hydrogeological setting, and the soil parameters
on the performance of each of the wells, and the recovery system all together.
One of the main contributions of this research is the capability of modeling
simultaneously the potential for LNAPL recovery from all the wells at the site
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simultaneously, while still using a simple, though approximate non-transient, model
representation. The programs that were previously available model the performance of
each well separately. Since the research correlate the recovery rate at a well to the change
in water level, the effects of the neighboring wells on the observed well will be accounted
for by superposing the change in water level due to all wells. This will allow observing
the effect that changes in the operation of one well can have on the LNAPL recovered at
another well. This capability allows modeling multiple wells simultaneously in an
optimization model to optimize the recovery of LNAPL from the subsurface. The use of
optimization in this domain was not developed enough so far due to the complexity
imposed by the presence of a light immiscible contamination, and due to the presence of
unsaturated-zone contamination. In this research work, the recovery rate of LNAPL will
be correlated to the change in water level at the wells to make the optimization problem
resolvable.
The development of an optimization model can be done after the identification
and quantification of the effect of the operation factors and the soil parameters that
influence the performance of the recovery system, and after the quantification of the
values of the soil parameters to be used in the model. From this perspective, the
identification and quantification of the soil parameters and their influence in a
heterogeneous environment from one side, and the use of an optimization approach from
another side form the two foundations to design a dual-pumping recovery system that
will lead to an optimized LNAPL recovery rate. In addition, it is important to understand
the geological and hydrogeological environment of the site, and of the extent of LNAPL
presence under the ground and their effect on the performance of the recovery system.
Both the conceptual model and the optimization problem should be able to answer
the questions needed by a decision maker regarding the expected outcome and output of
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the multiphase extraction remediation system before starting running the system and
before data are available for calibration. In other words, the research identifies the
parameters and factors that have major effects on the performance of the system,
identifies the directions of these effects, and provides a way to optimize the pumping to
get the best LNAPL recovery at a site.
This research should allow the engineer to understand when it is to his convenient
to increase or decrease the pumping rate to maintain the water flow within a certain
geological layer to optimize the LNAPL recovery. In addition, this research work should
enlighten more on the relationship between the site geology and the performance of the
recovery system using multiphase extraction.
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Appendix A
Function zmax(bo, number, model, water, LNAPL, prop)
'calculate the maximum elevation of free LNAPL above the original water table by equating
'the total effective liquid saturation to the water effective saturation
ro = LNAPL(1)
dz = 0.01
e = 0.001
dso = 1
zz = (1 - ro) * bo
Do While zz < water
set_zz = sett(zz, bo, number, model, water, LNAPL, prop)
sew_zz = sew(zz, bo, number, model, water, LNAPL, prop)
dso = set_zz - sew_zz
If dso < e Then Exit Do
zz = zz + dz
Loop
zmax = zz
End Function
Function sw(z, bo, number, model, water, LNAPL, prop)
'calculate the water saturation at elevation z (NOT effective)eq 2.27

Dim zn(1 To 15) As Double
nn = number
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop
' Determine z is in which layer
Dim L As Integer
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For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb
' Determine swr.
swrt = prop(13 * (L - 1) + 5)
swrb = prop(13 * (L - 1) + 11)
swr = (((swrb - swrt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + swrb
' Determine sors.
sorst = prop(13 * (L - 1) + 7)
sorsb = prop(13 * (L - 1) + 13)
sors = (((sorsb - sorst) / (zn(L) - zn(L - 1))) * (z - zn(L))) + sorsb
' Determine aow. First detemine alpha and the LNAPL tension
alphat = prop(13 * (L - 1) + 3)
alphab = prop(13 * (L - 1) + 9)
aowt = alphat * (1 - LNAPL(1)) * (LNAPL(3) / LNAPL(5))
aowb = alphab * (1 - LNAPL(1)) * (LNAPL(3) / LNAPL(5))
aow = (((aowb - aowt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + aowb
' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If
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' Determine sw
ro = LNAPL(1)
If z < (-bo * ro) Then
sw = 1
Else
sw = swr + (1 - swr - sors) * (1 / (1 + (aow * (z - (-bo * ro))) ^ N)) ^ M
End If
End Function
Function so(z, bo, number, model, water, LNAPL, prop)
'calculate the LNAPL saturation at elevation z
'sew(z, bo, number, model, water, LNAPL, prop)

Dim zn(1 To 15) As Double
nn = number
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop
' Determine z is in which layer
Dim L As Integer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb
' Determine swr.
swrt = prop(13 * (L - 1) + 5)

238

swrb = prop(13 * (L - 1) + 11)
swr = (((swrb - swrt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + swrb
' Determine sorv.
sorvt = prop(13 * (L - 1) + 6)
sorvb = prop(13 * (L - 1) + 12)
sorv = (((sorvb - sorvt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + sorvb
' Determine sors.
sorst = prop(13 * (L - 1) + 7)
sorsb = prop(13 * (L - 1) + 13)
sors = (((sorsb - sorst) / (zn(L) - zn(L - 1))) * (z - zn(L))) + sorsb
' Determine aao. First detemine alpha and the LNAPL tension
alphat = prop(13 * (L - 1) + 3)
alphab = prop(13 * (L - 1) + 9)
aaot = alphat * LNAPL(1) * (LNAPL(3) / LNAPL(4))
aaob = alphab * LNAPL(1) * (LNAPL(3) / LNAPL(4))
aao = (((aaob - aaot) / (zn(L) - zn(L - 1))) * (z - zn(L))) + aaob
' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If

' Determine so
ro = LNAPL(1)
If z < (-bo * ro) Then
so = sors
Exit Function
End If
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If z < bo * (1 - ro) Then
so = 1 - sw(z, bo, number, model, water, LNAPL, prop)
Exit Function
End If

s1 = swr + sorv - sw(z, bo, number, model, water, LNAPL, prop)
s2 = 1 - swr - sorv
s3 = (1 / (1 + (aao * (z - bo * (1 - ro))) ^ N)) ^ M
so = s1 + s2 * s3
If so < 0 Then so = 0
End Function
Function kro(z, bo, number, model, water, LNAPL, prop)
'calculate the LNAPL relative permeability at elevation z using the Burdine equation
'eq 3.13 (Burdine) and 3.14 (Mualem)

s1 = sew(z, bo, number, model, water, LNAPL, prop)
s2 = sett(z, bo, number, model, water, LNAPL, prop)
s3 = so(z, bo, number, model, water, LNAPL, prop)
Dim zn(1 To 15) As Double
nn = number
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop

' Determine z is in which layer
Dim L As Integer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
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Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb

' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If
If md = 0 Then
'Burdine Model
k1 = s3 ^ 2
k2 = (1 - (s1) ^ (1 / M)) ^ (M)
k3 = (1 - (s2) ^ (1 / M)) ^ (M)
kro = k1 * (k2 - k3)
ElseIf md = 1 Then
'Mualem Model
k1 = s3 ^ 0.5
k2 = (1 - (s1) ^ (1 / M)) ^ (M)
k3 = (1 - (s2) ^ (1 / M)) ^ (M)
kro = k1 * (k2 - k3) ^ 2
End If
End Function
Function krow(z, bo, number, model, water, LNAPL, prop)
'calculate the water relative permeability at elevation z using the Burdine when md = 0 and
Mualem when md = 1
'eq 3.29 for 2 phases

s1 = sew(z, bo, number, model, water, LNAPL, prop)
s2 = sw(z, bo, number, model, water, LNAPL, prop)
Dim zn(1 To 15) As Double
nn = number
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zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop

' Determine z is in which layer
Dim L As Integer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb

' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If
If md = 0 Then
If z > -bo * ro Then
k1 = (s2) ^ 2
k2 = (1 - (s1) ^ (1 / M)) ^ (M)
krow = k1 * (1 - k2)
Else
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krow = 1
End If
ElseIf md = 1 Then
If z > -bo * ro Then
k1 = (s2) ^ 0.5
k2 = (1 - (s1) ^ (1 / M)) ^ (M)
krow = k1 * (1 - k2) ^ 2
Else
krow = 1
End If
End If
End Function
Function vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
'vo(bo, ro, z01, z12, z23, por1, N1, aao1, aow1, swr1, sorv1, sors1, _
'
por3, N3, aao3, aow3, swr3, sorv3, sors3, md1, md2, md3, Eps_Do)
'evaluate the LNAPL specific volume corresponding to bo
'
Dim L As Integer
Eps_Do = model(16)
ro = LNAPL(1)
Dim zn(1 To 15) As Double
nn = number
' Assign the level of each layer interface above the water table (positive)or below
' the water table (negative)
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop

Eps = Eps_Do
'Iteration convergence tolerance
Jmax = 20
'Maximum number of iterations
ost = -1# * 10 ^ 30
os = -1 * 10 ^ 30
If bo <= 0 Then
vo = 0
Exit Function
End If
'calculate zmax and zmin
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z1 = (-bo * ro)
z2 = zmax(bo, number, model, water, LNAPL, prop)
'calculate the integration interval
y = z2 - z1
'Main driver loop
j=1
Do While j <= Jmax
'Simpson's rule implementation after Press et al. (1992)
If j = 1 Then
f1 = so(z1, bo, number, model, water, LNAPL, prop)
'Determine the layer at z1
For i = 1 To nn
If z1 >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine n or (por) as a linear interpolation between the top and bottom properties
port = prop(13 * (L - 1) + 2)
porb = prop(13 * (L - 1) + 8)
por = (((porb - port) / (zn(L) - zn(L - 1))) * (z1 - zn(L))) + porb
f1 = f1 * por
f2 = so(z2, bo, number, model, water, LNAPL, prop)
'Determine the layer at z2
For i = 1 To nn
If z2 >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine n or (por) as a linear interpolation between the top and bottom properties
port = prop(13 * (L - 1) + 2)
porb = prop(13 * (L - 1) + 8)
por = (((porb - port) / (zn(L) - zn(L - 1))) * (z2 - zn(L))) + porb
f2 = f2 * por
st = 0.5 * y * (f1 + f2)
Else
it = 2 ^ (j - 2)
tnm = it
del = y / tnm
yy = z1 + del / 2
s = 0#
k=1
Do While k <= it
f1 = so(yy, bo, number, model, water, LNAPL, prop)
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'Determine the layer at yy
For i = 1 To nn
If yy >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine n or (por) as a linear interpolation between the top and bottom properties
port = prop(13 * (L - 1) + 2)
porb = prop(13 * (L - 1) + 8)
por = (((porb - port) / (zn(L) - zn(L - 1))) * (yy - zn(L))) + porb
f1 = f1 * por
s = s + f1
yy = yy + del
k=k+1
Loop
st = (st + y * s / tnm) / 2#
End If
s = (4# * st - ost) / 3#
If Abs(s - os) < Eps * Abs(os) Then Exit Do
os = s
ost = st
j=j+1
Loop
vo = s
End Function
Function krob(bo, number, model, water, screen, LNAPL, prop, cond)
Eps_kro = model(16)
ro = LNAPL(1)
scbot = water - screen(3)
sctop = water - screen(2)

' Do the itteration
Eps = Eps_kro
'Iteration convergence tolerance
Jmax = 20
'Maximum number of iterations
ost = -1# * 10 ^ 30
os = -1 * 10 ^ 30
If bo = 0 Then
krob = 0
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Exit Function
End If
'calculate zmax and zmin
z1 = (-bo * ro)
z2 = zmax(bo, number, model, water, LNAPL, prop)
If z1 <= scbot Then
z1 = scbot
End If
If z2 >= sctop Then
z2 = sctop
End If
y = z2 - z1
'Main driver loop
j=1
Do While j <= Jmax
'Simpson's rule implementation after Press et al. (1992)
If j = 1 Then
f1 = kro(z1, bo, number, model, water, LNAPL, prop)
f2 = kro(z2, bo, number, model, water, LNAPL, prop)
' Determine kw at z1
kw1 = getkw(z1, number, water, prop, cond)
' Determine kw at z2
kw2 = getkw(z2, number, water, prop, cond)
st = 0.5 * y * (f1 + f2) * (kw1 + kw2) / 2 'very rough aproximation for the hydraulic
'conductivity since the simpson rule will do the calculation later
Else
it = 2 ^ (j - 2)
tnm = it
del = y / tnm
yy = z1 + del / 2
s = 0#
k=1
Do While k <= it
f1 = kro(yy, bo, number, model, water, LNAPL, prop)
' Determine kw at yy
kw = getkw(yy, number, water, prop, cond)
s = s + f1 * kw
yy = yy + del
k=k+1
Loop
st = (st + y * s / tnm) / 2#
End If

246

s = (4# * st - ost) / 3#
If Abs(s - os) < Eps * Abs(os) Then Exit Do
os = s
ost = st
j=j+1
Loop
krob = s
End Function
Function findbo(number, model, vtarget, water, screen, LNAPL, prop, cond)
bo = 0
vcal = 0
Do While vcal <= vtarget
bo = bo + 2
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 2
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 1
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 1
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 0.5
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 0.5
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 0.1
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 0.1
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 0.01
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vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 0.01
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 0.001
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
bo = bo - 0.001
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Do While vcal <= vtarget
bo = bo + 0.0001
vcal = vo(bo, number, model, vtarget, water, screen, LNAPL, prop, cond)
Loop
findbo = bo
End Function

Function getkw(z, number, water, prop, cond)
Dim L As Integer
Dim zn(1 To 15) As Double
nn = number
' Assign the level of each layer interface above the water table (positive)or below
' the water table (negative)
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop
' Determine z is in which layer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
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Next i
' Determine kw as a linear interpolation between the top and bottom properties
kwt = cond(2 * (L - 1) + 1)
kwb = cond(2 * (L - 1) + 2)
kw = (((kwb - kwt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + kwb
getkw = kw
End Function
Function sew(z, bo, number, model, water, LNAPL, prop)
'calculate the effective water saturation at elevation z (eq 2.24)
' Assign the level of each layer interface above the water table (positive)or below
' the water table (negative)
Dim zn(1 To 15) As Double
nn = number
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop
' Determine z is in which layer
Dim L As Integer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb
' Determine aow. First detemine alpha and the LNAPL tension
alphat = prop(13 * (L - 1) + 3)
alphab = prop(13 * (L - 1) + 9)
aowt = alphat * (1 - LNAPL(1)) * (LNAPL(3) / LNAPL(5))
aowb = alphab * (1 - LNAPL(1)) * (LNAPL(3) / LNAPL(5))
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aow = (((aowb - aowt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + aowb
' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If
' Calculate sett
ro = LNAPL(1)
If z < (-bo * ro) Then
sew = 1
Else
sew = (1 + (aow * (z - (-bo * ro))) ^ N) ^ (-M)
End If
End Function
Function sett(z, bo, number, model, water, LNAPL, prop)
'(z, bo, ro, z12, z23, N1, aao1, N3, aao3, md)
'calculate the total effective liquid saturation at elevation z (eq 2.30)

' Assign the level of each layer interface above the water table (positive)or below
' the water table (negative)
Dim zn(1 To 15) As Double
nn = number
zn(1) = water - prop(1)
i=2
Do While i <= nn
zn(i) = zn(i - 1) - prop(13 * (i - 1) + 1)
i=i+1
Loop
' Determine z is in which layer
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Dim L As Integer
For i = 1 To nn
If z >= zn(i) Then
L=i
Exit For
End If
Next i
' Determine N as a linear interpolation between the top and bottom properties
Nt = prop(13 * (L - 1) + 4)
Nb = prop(13 * (L - 1) + 10)
N = (((Nb - Nt) / (zn(L) - zn(L - 1))) * (z - zn(L))) + Nb
' Determine aao. First detemine alpha and the LNAPL tension
alphat = prop(13 * (L - 1) + 3)
alphab = prop(13 * (L - 1) + 9)
aaot = alphat * LNAPL(1) * (LNAPL(3) / LNAPL(4))
aaob = alphab * LNAPL(1) * (LNAPL(3) / LNAPL(4))
aao = (((aaob - aaot) / (zn(L) - zn(L - 1))) * (z - zn(L))) + aaob
' Assign Model
md = model(L)
If md = 0 Then
If N >= 2.1 Then
M=1-2/N
Else
M = 1 - 2 / 2.1
End If
ElseIf md = 1 Then
If N >= 1.1 Then
M=1-1/N
Else
M = 1 - 1 / 1.1
End If
End If
' Calculate sett
ro = LNAPL(1)
If z <= (bo * (1 - ro)) Then
sett = 1
Else
sett = (1 + (aao * (z - (bo * (1 - ro)))) ^ N) ^ (-M)
End If
End Function
Function krobw(bo, number, model, water, screen, LNAPL, prop, cond)
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'evaluate the water-layer relative permeability
Eps_kro = model(16)
ro = LNAPL(1)
scbot = water - screen(3)
sctop = water - screen(2)
' Do the itteration
Eps = Eps_kro
'Iteration convergence tolerance
Jmax = 20
'Maximum number of iterations
ost = -1# * 10 ^ 30
os = -1 * 10 ^ 30
'calculate zmax and zmin
z1 = scbot
z2 = sctop
y = z2 - z1
'Main driver loop
j=1
Do While j <= Jmax
'Simpson's rule implementation after Press et al. (1992)
If j = 1 Then
f1 = krow(z1, bo, number, model, water, LNAPL, prop)
f2 = krow(z2, bo, number, model, water, LNAPL, prop)
' Determine kw at z1
kw1 = getkw(z1, number, water, prop, cond)
' Determine kw at z2
kw2 = getkw(z2, number, water, prop, cond)
st = 0.5 * y * (f1 + f2) * (kw1 + kw2) / 2 'very rough aproximation for the hydraulic
'conductivity since the simpson rule will do the calculation later
Else
it = 2 ^ (j - 2)
tnm = it
del = y / tnm
yy = z1 + del / 2
s = 0#
k=1
Do While k <= it
f1 = krow(yy, bo, number, model, water, LNAPL, prop)
' Determine kw at yy
kw = getkw(yy, number, water, prop, cond)
s = s + f1 * kw
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yy = yy + del
k=k+1
Loop
st = (st + y * s / tnm) / 2#
End If
s = (4# * st - ost) / 3#
If Abs(s - os) < Eps * Abs(os) Then Exit Do
os = s
ost = st
j=j+1
Loop
krobw = s
End Function
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Appendix B

Figure B.1: Transmissibility of Water at Well R-001 of the Lower Refinery Area: Clay.

Figure B.2: Transmissibility of Water at Well R-001 of the Lower Refinery Area: Sand.
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Case Study Site: R-001: Dn = 1 ft of LNAPL
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Figure B.3: Ratio of LNAPL to Water Transmissibility at Well R-001 of the Lower
Refinery Area.

Figure B.4: Transmissibility of Water at Well R-002 of the Lower Refinery Area: Clay.
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Figure B.5: Transmissibility of Water at Well R-002 of the Lower Refinery Area: Sand.

Case Study Site: R-002: Dn = 0.75 ft of LNAPL
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Figure B.6: Ratio of LNAPL to Water Transmissibility at Well R-002 of the Lower
Refinery Area.
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Figure B.7: Transmissibility of Water at Well R-006 of the Lower Refinery Area: Clay.

Figure B.8: Transmissibility of Water at Well R-006 of the Lower Refinery Area: Sand.
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Case Study Site: R-006: Dn = 0.48 ft of LNAPL
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Figure B.9: Ratio of LNAPL to Water Transmissibility at Well R-006 of the Lower
Refinery Area.

Figure B.10: Transmissibility of Water at Well R-007 of the Lower Refinery Area: Clay.
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Figure B.11: Transmissibility of Water at Well R-007 of the Lower Refinery Area: Sand.

Case Study Site: R-007: Dn = 0.46 ft of LNAPL
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Figure B.12: Ratio of LNAPL to Water Transmissibility at Well R-007 of the Lower
Refinery Area.
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Figure B.13: Transmissibility of Water at Well R-008 of the Lower Refinery Area: Clay.

Figure B.14: Transmissibility of Water at Well R-008 of the Lower Refinery Area: Sand.
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Case Study Site: R-008: Dn = 1 ft of LNAPL
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Figure B.15: Ratio of LNAPL to Water Transmissibility at Well R-008 of the Lower
Refinery Area.

Figure B.16: Transmissibility of Water at Well R-009 of the Lower Refinery Area: Clay.
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Figure B.17: Transmissibility of Water at Well R-009 of the Lower Refinery Area: Sand.

Case Study Site: R-009: Dn = 0.75 ft of LNAPL
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Figure B.18: Ratio of LNAPL to Water Transmissibility at Well R-009 of the Lower
Refinery Area.
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Appendix C
The maximization of the LNAPL recovery can be programmed in GAMS using
the following code:
Sets
i1 First Well Parameters Tnw / a1, b1/
i2 Second Well Parameters Tnw / a2, b2/
i3 Third Well Parameters Tnw / a3, b3/
i4 Fourth Well Parameters Tnw / a4, b4/
i5 Fifth Well Parameters Tnw / a5, b5/
i6 Sixth Well Parameters Tnw / a6, b6/
di Distance between pairs of wells /d12, d13, d14, d15, d16, d21, d23,d24, d25,d26, d31,
d32, d34,d35, d36, d41, d42, d43, d45, d46, d51, d52, d53, d54, d56, d61, d62, d63, d64,
d65 /
aai bilinear soil parameter descriptions /aa1, aa2, aa3, aa4, bb1, bb2, bb3, bb4,cc1, cc2,
cc3, cc4, dd1, dd2, dd3, dd4, ee1, ee2, ee3, ee4, ff1, ff2, ff3, ff4 /
;
Parameters
a(i1) factors (a* e^(bx)) values for the first well Tnw
/ a1 0.00001
b1 0.2012/
b(i2) factors (a* e^(bx)) values for the second well Tnw
/ a2 +0.00001
b2 +0.1832/
c(i3) factors (a* e^(bx)) values for the third well Tnw
/ a3 0.000005
b3 0.2064/
d(i4) factors (a* e^(bx)) values for the fourth well Tnw
/ a4 0.000003
b4 0.216/
e(i5) factors (a* e^(bx)) values for the fifth well Tnw
/ a5 +0.00002
b5 +0.1484/
f(i6) factors (a* e^(bx)) values for the sixth well Tnw
/ a6 +0.00003
263

b6 +0.1538/

dist(di) Distance between pairs of wells
/ d12 430
d13 250
d14 135
d15 140
d16 130
d21 430
d23 185
d24 325
d25 320
d26 550
d31 250
d32 185
d34 175
d35 135
d36 380
d41 135
d42 325
d43 175
d45 150
d46 235
d51 140
d52 320
d53 135
d54 150
d56 270
d61 130
d62 550
d63 500
d64 235
d65 270/
laybi (aai) assign initial values to the bilinear soil parameters
/aa1 142.42
aa2 -0.9641
aa3 476.05
aa4 -0.985
bb1 216.72
bb2 -0.9898
bb3 500.66
bb4 -10.01
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cc1
cc2
cc3
cc4
dd1
dd2
dd3
dd4
ee1
ee2
ee3
ee4
ff1
ff2
ff3
ff4
/

122.31
-0.9898
444.16
-9.8492
130.73
-0.9653
457.66
-10.153
216.74
-0.9787
574.21
-9.6254
334.64
-0.9803
600.59
-10.004

;

Scalar
wt1 Original Elevation of water table below the surface level at well 1 (ft)/26/
wt2 Original Elevation of water table below the surface level at well 2 (ft)/23/
wt3 Original Elevation of water table below the surface level at well 3 (ft)/23/
wt4 Original Elevation of water table below the surface level at well 4 (ft)/23/
wt5 Original Elevation of water table below the surface level at well 5 (ft)/23/
wt6 Original Elevation of water table below the surface level at well 6 (ft)/23/
MD1 Maximum Drawdown at Well 1 (ft) /48/
MD2 Maximum Drawdown at Well 2 (ft) /50/
MD3 Maximum Drawdown at Well 3 (ft) /45/
MD4 Maximum Drawdown at Well 4 (ft) /45/
MD5 Maximum Drawdown at Well 5 (ft) /59/
MD6 Maximum Drawdown at Well 6 (ft) /60/

MQ1 Maximum Pumping at Well 1 (ft3 per day) /1050/
MQ2 Maximum Pumping at Well 2 (ft3 per day) /1750/
MQ3 Maximum Pumping at Well 3 (ft3 per day) /1750/
MQ4 Maximum Pumping at Well 4 (ft3 per day) /3000/
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MQ5 Maximum Pumping at Well 5 (ft3 per day) /3000/
MQ6 Maximum Pumping at Well 6 (ft3 per day) /3000/
MQT Total Pumping from all wells (ft3 per day) /6000/
Influ1 /200/
Influ2 /200/
Influ3 /200/
Influ4 /200/
Influ5 /200/
Influ6 /200/
inter1 /37/
inter2 /31/
inter3 /36/
inter4 /35.5/
inter5 /41/
inter6 /29.5/
wrad /1/
ro /0.8/
;
Variables
s1 drawdown at well 1
s2 drawdown at well 2
s3 drawdown at well 3
s4 drawdown at well 4
s5 drawdown at well 5
s6 drawdown at well 6
w1 water level at well 1
w2 water level at well 2
w3 water level at well 3
w4 water level at well 4
w5 water level at well 5
w6 water level at well 6
Q1 pumping at well 1 in (ft3 per day)
Q2 pumping at well 2 in (ft3 per day)
Q3 pumping at well 3 in (ft3 per day)
Q4 pumping at well 4 in (ft3 per day)
Q5 pumping at well 5 in (ft3 per day)
Q6 pumping at well 6 in (ft3 per day)
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Tnw1 well one Tn over Tw
Tnw2 well two Tn over Tw
Tnw3 well three Tn over Tw
Tnw4 well four Tn over Tw
Tnw5 well five Tn over Tw
Tnw6 well six Tn over Tw
Tw1 well one Tw
Tw2 well two Tw
Tw3 well three Tw
Tw4 well four Tw
Tw5 well five Tw
Tw6 well six Tw
z total production rate of LNAPL in (ft3 per day)
;
positive Variable
Q1
Q2
Q3
Q4
Q5
Q6
s1
s2
s3
s4
s5
s6
;

Equations
ddown1 calculate drawdown at well 1
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ddown2 calculate drawdown at well 2
ddown3 calculate drawdown at well 3
ddown4 calculate drawdown at well 4
ddown5 calculate drawdown at well 5
ddown6 calculate drawdown at well 6
watlev1 claculate water level at well 1
watlev2 claculate water level at well 2
watlev3 claculate water level at well 3
watlev4 claculate water level at well 4
watlev5 claculate water level at well 5
watlev6 claculate water level at well 6
well1 calculate Tn over Tw at well 1
well2 calculate Tn over Tw at well 2
well3 calculate Tn over Tw at well 3
well4 calculate Tn over Tw at well 4
well5 calculate Tn over Tw at well 5
well6 calculate Tn over Tw at well 6
wellw1a calculate Tw at well 1
wellw2a calculate Tw at well 2
wellw3a calculate Tw at well 3
wellw4a calculate Tw at well 4
wellw5a calculate Tw at well 5
wellw6a calculate Tw at well 6
wellw1b calculate Tw at well 1
wellw2b calculate Tw at well 2
wellw3b calculate Tw at well 3
wellw4b calculate Tw at well 4
wellw5b calculate Tw at well 5
wellw6b calculate Tw at well 6
maxq1 set maximum pumping at well 1
maxq2 set maximum pumping at well 2
maxq3 set maximum pumping at well 3
maxq4 set maximum pumping at well 4
maxq5 set maximum pumping at well 5
maxq6 set maximum pumping at well 6
maxqt set maximum total pumping from all wells
maxd1 set maximum drawdown at well 1
maxd2 set maximum drawdown at well 2
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maxd3 set maximum drawdown at well 3
maxd4 set maximum drawdown at well 4
maxd5 set maximum drawdown at well 5
maxd6 set maximum drawdown at well 6
result the sum;
Tw1.l = 10;
Tw2.l = 10;
Tw3.l = 10;
Tw4.l = 10;
Tw5.l = 10;
Tw6.l = 10;
w1.l = wt1;
w2.l = wt2;
w3.l = wt3;
w4.l = wt4;
w5.l = wt5;
w6.l = wt6;
w1.up = 45;
w2.up = 45;
w3.up = 45;
w4.up = 45;
w5.up = 45;
w6.up = 45;
if (Influ1 < dist('d12'),
dist('d12') = Influ1 ;
);
if (Influ1 < dist('d13'),
dist('d13') = Influ1 ;
);
if (Influ1 < dist('d14'),
dist('d14') = Influ1 ;
);
if (Influ1 < dist('d15'),
dist('d15') = Influ1 ;
);
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if (Influ1 < dist('d16'),
dist('d16') = Influ1 ;
);
if (Influ2 < dist('d21'),
dist('d21') = Influ2 ;
);
if (Influ2 < dist('d23'),
dist('d23') = Influ2 ;
);
if (Influ2 < dist('d24'),
dist('d24') = Influ2 ;
);
if (Influ2 < dist('d25'),
dist('d25') = Influ2 ;
);
if (Influ2 < dist('d26'),
dist('d26') = Influ2 ;
);
if (Influ3 < dist('d31'),
dist('d31') = Influ3 ;
);
if (Influ3 < dist('d32'),
dist('d32') = Influ3 ;
);
if (Influ3 < dist('d34'),
dist('d34') = Influ3 ;
);
if (Influ3 < dist('d35'),
dist('d35') = Influ3 ;
);
if (Influ3 < dist('d36'),
dist('d36') = Influ3 ;
);
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if (Influ4 < dist('d41'),
dist('d41') = Influ4 ;
);
if (Influ4 < dist('d42'),
dist('d42') = Influ4 ;
);
if (Influ4 < dist('d43'),
dist('d43') = Influ4 ;
);
if (Influ4 < dist('d45'),
dist('d45') = Influ4 ;
);
if (Influ4 < dist('d46'),
dist('d46') = Influ4 ;
);
if (Influ5 < dist('d51'),
dist('d51') = Influ5 ;
);
if (Influ5 < dist('d52'),
dist('d52') = Influ5 ;
);
if (Influ5 < dist('d53'),
dist('d53') = Influ5 ;
);
if (Influ5 < dist('d54'),
dist('d54') = Influ5 ;
);
if (Influ5 < dist('d56'),
dist('d56') = Influ5 ;
);
if (Influ6 < dist('d61'),
dist('d61') = Influ6 ;
);
if (Influ6 < dist('d62'),
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dist('d62') = Influ6 ;
);
if (Influ6 < dist('d63'),
dist('d63') = Influ6 ;
);
if (Influ6 < dist('d64'),
dist('d64') = Influ6 ;
);
if (Influ6 < dist('d65'),
dist('d65') = Influ6 ;
);

ddown1.. s1 =e= (Q1* log (Influ1/wrad) + Q2* log (Influ2/dist('d12')) + Q3* log
(Influ3/dist('d13'))+ Q4* log (Influ4/dist('d14'))+ Q5* log (Influ5/dist('d15'))+ Q6* log
(Influ6/dist('d16')))/(2* 3.1416 * Tw1);
ddown2.. s2 =e= (Q2* log (Influ2/wrad)+ Q1* log (Influ1/dist('d21')) + Q3* log
(Influ3/dist('d23'))+ Q4* log (Influ4/dist('d24'))+ Q5* log (Influ5/dist('d25'))+ Q6* log
(Influ6/dist('d26')))/(2* 3.1416 * Tw2);
ddown3.. s3 =e= (Q3* log (Influ3/wrad) + Q1* log (Influ1/dist('d31')) + Q2* log
(Influ2/dist('d32'))+ Q4* log (Influ4/dist('d34'))+ Q5* log (Influ5/dist('d35'))+ Q6* log
(Influ6/dist('d36')))/(2* 3.1416 * Tw3);
ddown4.. s4 =e= (Q4* log (Influ4/wrad) + Q1* log (Influ1/dist('d41')) + Q2* log
(Influ2/dist('d42'))+ Q3* log (Influ3/dist('d43'))+ Q5* log (Influ5/dist('d45'))+ Q6* log
(Influ6/dist('d46')))/(2* 3.1416 * Tw4);
ddown5.. s5 =e= (Q5* log (Influ5/wrad) + Q1* log (Influ1/dist('d51')) + Q2* log
(Influ2/dist('d52'))+ Q3* log (Influ3/dist('d53'))+ Q4* log (Influ4/dist('d54'))+ Q6* log
(Influ6/dist('d56')))/(2* 3.1416 * Tw5);
ddown6.. s6 =e= (Q6* log (Influ6/wrad) + Q1* log (Influ1/dist('d61')) + Q2* log
(Influ2/dist('d62'))+ Q3* log (Influ3/dist('d63'))+ Q4* log (Influ4/dist('d64'))+ Q5* log
(Influ5/dist('d65')))/(2* 3.1416 * Tw6);

maxq1 .. Q1 =l= MQ1;
maxq2 .. Q2 =l= MQ2;
maxq3 .. Q3 =l= MQ3;
maxq4 .. Q4 =l= MQ4;
maxq5 .. Q5 =l= MQ5;
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maxq6 .. Q6 =l= MQ6;
maxqt .. Q1 + Q2 + Q3 + Q4 + Q5 + Q6 =l= MQT;
watlev1 .. w1 =e= wt1 + s1;
watlev2 .. w2 =e= wt2 + s2;
watlev3 .. w3 =e= wt3 + s3;
watlev4 .. w4 =e= wt4 + s4;
watlev5 .. w5 =e= wt5 + s5;
watlev6 .. w6 =e= wt6 + s6;

maxd1 .. w1 =l= MD1;
maxd2 .. w2 =l= MD2;
maxd3 .. w3 =l= MD3;
maxd4 .. w4 =l= MD4;
maxd5 .. w5 =l= MD5;
maxd6 .. w6 =l= MD6;

wellw1a .. Tw1 =l= (laybi('aa1') + laybi('aa2') * w1);
wellw2a .. Tw2 =l= (laybi('bb1') + laybi('bb2') * w2);
wellw3a .. Tw3 =l= (laybi('cc1') + laybi('cc2') * w3);
wellw4a .. Tw4 =l= (laybi('dd1') + laybi('dd2') * w4);
wellw5a .. Tw5 =l= (laybi('ee1') + laybi('ee2') * w5);
wellw6a .. Tw6 =l= (laybi('ff1') + laybi('ff2') * w6);
wellw1b .. Tw1 =l= (laybi('aa3') + laybi('aa4') * w1);
wellw2b .. Tw2 =l= (laybi('bb3') + laybi('bb4') * w2);
wellw3b .. Tw3 =l= (laybi('cc3') + laybi('cc4') * w3);
wellw4b .. Tw4 =l= (laybi('dd3') + laybi('dd4') * w4);
wellw5b .. Tw5 =l= (laybi('ee3') + laybi('ee4') * w5);
wellw6b .. Tw6 =l= (laybi('ff3') + laybi('ff4') * w6);
well1 .. Tnw1 =e= a('a1')*exp((a('b1'))*w1);
well2 .. Tnw2 =e= b('a2')*exp((b('b2'))*w2);
well3 .. Tnw3 =e= c('a3')*exp((c('b3'))*w3);
well4 .. Tnw4 =e= d('a4')*exp((d('b4'))*w4);
well5 .. Tnw5 =e= e('a5')*exp((e('b5'))*w5);
well6 .. Tnw6 =e= f('a6')*exp((f('b6'))*w6);
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result .. z =e= (Tnw1* Q1 + Tnw2 * Q2 + Tnw3 * Q3 + Tnw4 * Q4 + Tnw5 * Q5 +
Tnw6 * Q6) * (1/ro);

Model wells /all/ ;

Solve wells using nlp maximizing z ;

Display Tnw1.l
Tnw2.l
Tnw3.l
Tnw4.l
Tnw5.l
Tnw6.l
Tw1.l
Tw2.l
Tw3.l
Tw4.l
Tw5.l
Tw6.l
Q1.l
Q2.l
Q3.l
Q4.l
Q5.l
Q6.l
s1.l
s2.l
s3.l
s4.l
s5.l
s6.l
w1.l
w2.l
w3.l
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w4.l
w5.l
w6.l
z.l
;
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APPENDIX D
COMPILATION TIME

=

0.060 SECONDS

3 Mb WIN224-147 Feb 13, 2007

GAMS Rev 147 x86/MS Windows
11/12/01 18:21:13 Page 2
General Algebraic Modeling System
Equation Listing SOLVE wells Using NLP From line 487
---- ddown1 =E= calculate drawdown at well 1
ddown1.. s1 - (0.0843251427067105)*Q1 - (0.00625545244635866)*Q4
- (0.00567664476602261)*Q5 - (0.00685610701700494)*Q6 + (0)*Tw1 =E= 0 ;
(LHS = 0)
---- ddown2 =E= calculate drawdown at well 2
ddown2.. s2 - (0.0843251427067105)*Q2 - (0.00124079356808174)*Q3 + (0)*Tw2
=E=
0 ; (LHS = 0)
---- ddown3 =E= calculate drawdown at well 3
ddown3.. s3 - (0.00124079356808174)*Q2 - (0.0843251427067105)*Q3
- (0.00212521314974094)*Q4 - (0.00625545244635866)*Q5 + (0)*Tw3 =E= 0 ;
(LHS = 0)
---- ddown4 =E= calculate drawdown at well 4
ddown4.. s4 - (0.00625545244635866)*Q1 - (0.00212521314974094)*Q3
- (0.0843251427067105)*Q4 - (0.00457859168022315)*Q5 + (0)*Tw4 =E= 0 ;
(LHS = 0)
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---- ddown5 =E= calculate drawdown at well 5
ddown5.. s5 - (0.00567664476602261)*Q1 - (0.00625545244635866)*Q3
- (0.00457859168022315)*Q4 - (0.0843251427067105)*Q5 + (0)*Tw5 =E= 0 ;
(LHS = 0)
---- ddown6 =E= calculate drawdown at well 6
ddown6.. s6 - (0.00685610701700494)*Q1 - (0.0843251427067105)*Q6 + (0)*Tw6
=E=
0 ; (LHS = 0)
---- watlev1 =E= claculate water level at well 1
watlev1.. - s1 + w1 =E= 26 ; (LHS = 26)
---- watlev2 =E= claculate water level at well 2
watlev2.. - s2 + w2 =E= 23 ; (LHS = 23)
---- watlev3 =E= claculate water level at well 3
watlev3.. - s3 + w3 =E= 23 ; (LHS = 23)
---- watlev4 =E= claculate water level at well 4
watlev4.. - s4 + w4 =E= 23 ; (LHS = 23)
---- watlev5 =E= claculate water level at well 5
watlev5.. - s5 + w5 =E= 23 ; (LHS = 23)
---- watlev6 =E= claculate water level at well 6
watlev6.. - s6 + w6 =E= 23 ; (LHS = 23)
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---- well1 =E= calculate Tn over Tw at well 1
well1.. - (0.000376278383931195)*w1 + Tnw1 =E= 0 ;
(LHS = -0.00187017089429023, INFES = 0.00187017089429023 ***)
---- well2 =E= calculate Tn over Tw at well 2
well2.. - (0.000123842211357622)*w2 + Tnw2 =E= 0 ;
(LHS = -0.000675994603480472, INFES = 0.000675994603480472 ***)
---- well3 =E= calculate Tn over Tw at well 3
well3.. - (0.000118949456436665)*w3 + Tnw3 =E= 0 ;
(LHS = -0.000576305505991592, INFES = 0.000576305505991592 ***)
---- well4 =E= calculate Tn over Tw at well 4
well4.. - (9.31429507047922E-5)*w4 + Tnw4 =E= 0 ;
(LHS = -0.000431217364374038, INFES = 0.000431217364374038 ***)
---- well5 =E= calculate Tn over Tw at well 5
well5.. - (9.0115152552241E-5)*w5 + Tnw5 =E= 0 ;
(LHS = -0.000607244963290034, INFES = 0.000607244963290034 ***)
---- well6 =E= calculate Tn over Tw at well 6
well6.. - (0.000158617423254319)*w6 + Tnw6 =E= 0 ;
(LHS = -0.00103132264794746, INFES = 0.00103132264794746 ***)
---- wellw1a =L= calculate Tw at well 1
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wellw1a.. 0.9641*w1 + Tw1 =L= 142.42 ; (LHS = 35.0666)
---- wellw2a =L= calculate Tw at well 2
wellw2a.. 0.9898*w2 + Tw2 =L= 216.72 ; (LHS = 32.7654)
---- wellw3a =L= calculate Tw at well 3
wellw3a.. 0.9898*w3 + Tw3 =L= 122.31 ; (LHS = 32.7654)
---- wellw4a =L= calculate Tw at well 4
wellw4a.. 0.9653*w4 + Tw4 =L= 130.73 ; (LHS = 32.2019)
---- wellw5a =L= calculate Tw at well 5
wellw5a.. 0.9787*w5 + Tw5 =L= 216.74 ; (LHS = 32.5101)
---- wellw6a =L= calculate Tw at well 6
wellw6a.. 0.9803*w6 + Tw6 =L= 334.64 ; (LHS = 32.5469)
---- wellw1b =L= calculate Tw at well 1
wellw1b.. 0.985*w1 + Tw1 =L= 476.05 ; (LHS = 35.61)
---- wellw2b =L= calculate Tw at well 2
wellw2b.. 10.01*w2 + Tw2 =L= 500.66 ; (LHS = 240.23)
---- wellw3b =L= calculate Tw at well 3
wellw3b.. 9.8492*w3 + Tw3 =L= 444.16 ; (LHS = 236.5316)
---- wellw4b =L= calculate Tw at well 4
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wellw4b.. 10.153*w4 + Tw4 =L= 457.66 ; (LHS = 243.519)
---- wellw5b =L= calculate Tw at well 5
wellw5b.. 9.6254*w5 + Tw5 =L= 574.21 ; (LHS = 231.3842)
---- wellw6b =L= calculate Tw at well 6
wellw6b.. 10.004*w6 + Tw6 =L= 600.59 ; (LHS = 240.092)
---- maxq1 =L= set maximum pumping at well 1
maxq1.. Q1 =L= 1050 ; (LHS = 0)
---- maxq2 =L= set maximum pumping at well 2
maxq2.. Q2 =L= 1750 ; (LHS = 0)
---- maxq3 =L= set maximum pumping at well 3
maxq3.. Q3 =L= 1750 ; (LHS = 0)
---- maxq4 =L= set maximum pumping at well 4
maxq4.. Q4 =L= 3000 ; (LHS = 0)
---- maxq5 =L= set maximum pumping at well 5
maxq5.. Q5 =L= 3000 ; (LHS = 0)
---- maxq6 =L= set maximum pumping at well 6
maxq6.. Q6 =L= 3000 ; (LHS = 0)
---- maxqt =L= set maximum total pumping from all wells
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maxqt.. Q1 + Q2 + Q3 + Q4 + Q5 + Q6 =L= 6000 ; (LHS = 0)
---- maxd1 =L= set maximum drawdown at well 1
maxd1.. w1 =L= 48 ; (LHS = 26)
---- maxd2 =L= set maximum drawdown at well 2
maxd2.. w2 =L= 50 ; (LHS = 23)
---- maxd3 =L= set maximum drawdown at well 3
maxd3.. w3 =L= 45 ; (LHS = 23)
---- maxd4 =L= set maximum drawdown at well 4
maxd4.. w4 =L= 45 ; (LHS = 23)
---- maxd5 =L= set maximum drawdown at well 5
maxd5.. w5 =L= 59 ; (LHS = 23)
---- maxd6 =L= set maximum drawdown at well 6
maxd6.. w6 =L= 60 ; (LHS = 23)
---- result =E= the sum
result.. (0)*Q1 + (0)*Q2 + (0)*Q3 + (0)*Q4 + (0)*Q5 + (0)*Q6 + (0)*Tnw1
+ (0)*Tnw2 + (0)*Tnw3 + (0)*Tnw4 + (0)*Tnw5 + (0)*Tnw6 + z =E= 0 ;
(LHS = 0)
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---- s1 drawdown at well 1
s1
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown1
watlev1

---- s2 drawdown at well 2
s2
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown2
watlev2

---- s3 drawdown at well 3
s3
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown3
watlev3

---- s4 drawdown at well 4
s4
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown4
watlev4

---- s5 drawdown at well 5
s5
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown5
watlev5
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---- s6 drawdown at well 6
s6
1
-1

(.LO, .L, .UP = 0, 0, +INF)
ddown6
watlev6

---- w1 water level at well 1
w1
(.LO, .L, .UP = -INF, 26, 45)
1
watlev1
(-0.0004) well1
0.9641 wellw1a
0.985 wellw1b
1
maxd1
---- w2 water level at well 2
w2

(.LO, .L, .UP = -INF, 23, 45)
1
watlev2
(-0.0001) well2
0.9898 wellw2a
10.01 wellw2b
1
maxd2

---- w3 water level at well 3
w3

(.LO, .L, .UP = -INF, 23, 45)
1
watlev3
(-0.0001) well3
0.9898 wellw3a
9.8492 wellw3b
1
maxd3

---- w4 water level at well 4
w4
(.LO, .L, .UP = -INF, 23, 45)
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1
watlev4
(-9.314295E-5) well4
0.9653 wellw4a
10.153 wellw4b
1
maxd4
---- w5 water level at well 5
w5

(.LO, .L, .UP = -INF, 23, 45)
1
watlev5
(-9.011515E-5) well5
0.9787 wellw5a
9.6254 wellw5b
1
maxd5

---- w6 water level at well 6
w6
(.LO, .L, .UP = -INF, 23, 45)
1
watlev6
(-0.0002) well6
0.9803 wellw6a
10.004 wellw6b
1
maxd6
---- Q1 pumping at well 1 in (ft3 per day)
Q1
(.LO, .L, .UP = 0, 0, +INF)
(-0.0843) ddown1
(-0.0063) ddown4
(-0.0057) ddown5
(-0.0069) ddown6
1
maxq1
1
maxqt
(0) result
---- Q2 pumping at well 2 in (ft3 per day)
Q2
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(.LO, .L, .UP = 0, 0, +INF)
(-0.0843) ddown2
(-0.0012) ddown3
1
maxq2
1
maxqt
(0) result
---- Q3 pumping at well 3 in (ft3 per day)
Q3
(.LO, .L, .UP = 0, 0, +INF)
(-0.0012) ddown2
(-0.0843) ddown3
(-0.0021) ddown4
(-0.0063) ddown5
1
maxq3
1
maxqt
(0) result
---- Q4 pumping at well 4 in (ft3 per day)
Q4
(.LO, .L, .UP = 0, 0, +INF)
(-0.0063) ddown1
(-0.0021) ddown3
(-0.0843) ddown4
(-0.0046) ddown5
1
maxq4
1
maxqt
(0) result
---- Q5 pumping at well 5 in (ft3 per day)
Q5

(.LO, .L, .UP = 0, 0, +INF)
(-0.0057) ddown1
(-0.0063) ddown3
(-0.0046) ddown4
(-0.0843) ddown5
1
maxq5
1
maxqt
(0) result
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---- Q6 pumping at well 6 in (ft3 per day)
Q6
(.LO, .L, .UP = 0, 0, +INF)
(-0.0069) ddown1
(-0.0843) ddown6
1
maxq6
1
maxqt
(0) result
---- Tnw1 well one Tn over Tw
Tnw1
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well1
result

---- Tnw2 well two Tn over Tw
Tnw2
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well2
result

---- Tnw3 well three Tn over Tw
Tnw3
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well3
result

---- Tnw4 well four Tn over Tw
Tnw4
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well4
result
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---- Tnw5 well five Tn over Tw
Tnw5
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well5
result

---- Tnw6 well six Tn over Tw
Tnw6
1
(0)

(.LO, .L, .UP = -INF, 0, +INF)
well6
result

---- Tw1 well one Tw
Tw1
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown1
wellw1a
wellw1b

---- Tw2 well two Tw
Tw2
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown2
wellw2a
wellw2b

---- Tw3 well three Tw
Tw3
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown3
wellw3a
wellw3b

---- Tw4 well four Tw
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Tw4
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown4
wellw4a
wellw4b

---- Tw5 well five Tw
Tw5
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown5
wellw5a
wellw5b

---- Tw6 well six Tw
Tw6
(0)
1
1

(.LO, .L, .UP = -INF, 10, +INF)
ddown6
wellw6a
wellw6b

---- z total production rate of LNAPL in (ft3 per day)
z
1

(.LO, .L, .UP = -INF, 0, +INF)
result
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MODEL STATISTICS
BLOCKS OF EQUATIONS
44 SINGLE EQUATIONS
44
BLOCKS OF VARIABLES
31 SINGLE VARIABLES
31
NON ZERO ELEMENTS
111 NON LINEAR N-Z
44
DERIVATIVE POOL
18 CONSTANT POOL
34
CODE LENGTH
329
GENERATION TIME
EXECUTION TIME

=
=

0.050 SECONDS
0.050 SECONDS
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SOLVE

SUMMARY

MODEL wells
TYPE NLP
SOLVER CONOPT

OBJECTIVE z
DIRECTION MAXIMIZE
FROM LINE 487

**** SOLVER STATUS 1 NORMAL COMPLETION
**** MODEL STATUS
2 LOCALLY OPTIMAL
**** OBJECTIVE VALUE
319.1659
RESOURCE USAGE, LIMIT
ITERATION COUNT, LIMIT
EVALUATION ERRORS

0.383
1000.000
31
10000
0
0

C O N O P T 3 x86/MS Windows version 3.14Q-017-059
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
Using default options.
The model has 31 variables and 44 constraints
with 111 Jacobian elements, 44 of which are nonlinear.
The Hessian of the Lagrangian has 12 elements on the diagonal,
26 elements below the diagonal, and 24 nonlinear variables.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total
of which: Function evaluations
1st Derivative evaluations
Workspace
Estimate
Max used

0.120 seconds
0.010 = 8.3%
0.010 = 8.3%

=

0.29 Mbytes
= 0.29 Mbytes
= 0.06 Mbytes
LOWER

LEVEL

UPPER MARGINAL
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---- EQU ddown1
---- EQU ddown2
---- EQU ddown3
---- EQU ddown4
---- EQU ddown5
---- EQU ddown6
---- EQU watlev1
---- EQU watlev2
---- EQU watlev3
---- EQU watlev4
---- EQU watlev5
---- EQU watlev6
---- EQU well1
---- EQU well2
---- EQU well3
---- EQU well4
---- EQU well5
---- EQU well6
---- EQU wellw1a
---- EQU wellw2a
---- EQU wellw3a
---- EQU wellw4a
---- EQU wellw5a
---- EQU wellw6a
---- EQU wellw1b
---- EQU wellw2b
---- EQU wellw3b
---- EQU wellw4b
---- EQU wellw5b
---- EQU wellw6b
---- EQU maxq1
---- EQU maxq2
---- EQU maxq3
---- EQU maxq4
---- EQU maxq5
---- EQU maxq6
---- EQU maxqt
---- EQU maxd1
---- EQU maxd2
---- EQU maxd3
---- EQU maxd4
---- EQU maxd5
---- EQU maxd6
---- EQU result

.
.
.
EPS
.
.
.
-0.871
.
.
.
-0.305
.
.
.
-0.230
.
.
.
EPS
.
.
.
EPS
26.000 26.000 26.000
EPS
23.000 23.000 23.000 -0.871
23.000 23.000 23.000 -0.305
23.000 23.000 23.000 -0.230
23.000 23.000 23.000
EPS
23.000 23.000 23.000
EPS
.
.
. 1312.500
.
.
. 1630.929
.
.
.
442.632
.
.
.
363.940
.
.
.
EPS
.
.
. 3750.000
-INF 101.769 142.420
.
-INF 94.751 216.720
.
-INF 58.715 122.310
.
-INF 57.548 130.730
.
-INF 48.364 216.740
.
-INF 162.375 334.640
.
-INF 102.710 476.050
.
-INF 500.660 500.660 0.382
-INF 444.160 444.160 0.399
-INF 457.660 457.660 0.305
-INF 437.465 574.210
.
-INF 568.441 600.590
.
-INF 1050.000 1050.000 0.073
-INF 1304.743 1750.000
.
-INF 354.105 1750.000
.
-INF 291.152 3000.000
.
-INF
. 3000.000
.
-INF 3000.000 3000.000 0.005
-INF 6000.000 6000.000 0.033
-INF 45.000 48.000
.
-INF 45.000 50.000
.
-INF 43.507 45.000
.
-INF 43.549 45.000
.
-INF 45.000 59.000
.
-INF 45.000 60.000
.
.
.
.
1.000
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ddown1 calculate drawdown at well 1
ddown2 calculate drawdown at well 2
ddown3 calculate drawdown at well 3
ddown4 calculate drawdown at well 4
ddown5 calculate drawdown at well 5
ddown6 calculate drawdown at well 6
watlev1 claculate water level at well 1
watlev2 claculate water level at well 2
watlev3 claculate water level at well 3
watlev4 claculate water level at well 4
watlev5 claculate water level at well 5
watlev6 claculate water level at well 6
well1 calculate Tn over Tw at well 1
well2 calculate Tn over Tw at well 2
well3 calculate Tn over Tw at well 3
well4 calculate Tn over Tw at well 4
well5 calculate Tn over Tw at well 5
well6 calculate Tn over Tw at well 6
wellw1a calculate Tw at well 1
wellw2a calculate Tw at well 2
wellw3a calculate Tw at well 3
wellw4a calculate Tw at well 4
wellw5a calculate Tw at well 5
wellw6a calculate Tw at well 6
wellw1b calculate Tw at well 1
wellw2b calculate Tw at well 2
wellw3b calculate Tw at well 3
wellw4b calculate Tw at well 4
wellw5b calculate Tw at well 5
wellw6b calculate Tw at well 6
maxq1 set maximum pumping at well 1
maxq2 set maximum pumping at well 2
maxq3 set maximum pumping at well 3
maxq4 set maximum pumping at well 4
maxq5 set maximum pumping at well 5
maxq6 set maximum pumping at well 6
maxqt set maximum total pumping from all wells
maxd1 set maximum drawdown at well 1
maxd2 set maximum drawdown at well 2
maxd3 set maximum drawdown at well 3
maxd4 set maximum drawdown at well 4
maxd5 set maximum drawdown at well 5
maxd6 set maximum drawdown at well 6
result the sum
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LOWER
---- VAR s1
---- VAR s2
---- VAR s3
---- VAR s4
---- VAR s5
---- VAR s6
---- VAR w1
---- VAR w2
---- VAR w3
---- VAR w4
---- VAR w5
---- VAR w6
---- VAR Q1
---- VAR Q2
---- VAR Q3
---- VAR Q4
---- VAR Q5
---- VAR Q6
---- VAR Tnw1
---- VAR Tnw2
---- VAR Tnw3
---- VAR Tnw4
---- VAR Tnw5
---- VAR Tnw6
---- VAR Tw1
---- VAR Tw2
---- VAR Tw3
---- VAR Tw4
---- VAR Tw5
---- VAR Tw6
---- VAR z

LEVEL

UPPER

MARGINAL

.
19.000 +INF
.
.
22.000 +INF
.
.
20.507 +INF
.
.
20.549 +INF
.
.
22.000 +INF
.
.
22.000 +INF
.
-INF 45.000 45.000 22.585
-INF 45.000 45.000 8.418
-INF 43.507 45.000 1.457E-10
-INF 43.549 45.000
.
-INF 45.000 45.000
EPS
-INF 45.000 45.000 17.533
. 1050.000 +INF
.
. 1304.743 +INF
.
.
354.105 +INF
.
.
291.152 +INF
.
.
.
+INF -0.015
. 3000.000 +INF
.
-INF 0.086 +INF
.
-INF 0.038 +INF
.
-INF 0.040 +INF
.
-INF 0.037 +INF
.
-INF 0.016 +INF
.
-INF 0.030 +INF
.
-INF 58.385 +INF
.
-INF 50.210 +INF
.
-INF 15.652 +INF
.
-INF 15.511 +INF
.
-INF 4.322 +INF
.
-INF 118.261 +INF
.
-INF 319.166 +INF
.

s1 drawdown at well 1
s2 drawdown at well 2
s3 drawdown at well 3
s4 drawdown at well 4
s5 drawdown at well 5
s6 drawdown at well 6
w1 water level at well 1
w2 water level at well 2
w3 water level at well 3
w4 water level at well 4
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w5 water level at well 5
w6 water level at well 6
Q1 pumping at well 1 in (ft3 per day)
Q2 pumping at well 2 in (ft3 per day)
Q3 pumping at well 3 in (ft3 per day)
Q4 pumping at well 4 in (ft3 per day)
Q5 pumping at well 5 in (ft3 per day)
Q6 pumping at well 6 in (ft3 per day)
Tnw1 well one Tn over Tw
Tnw2 well two Tn over Tw
Tnw3 well three Tn over Tw
Tnw4 well four Tn over Tw
Tnw5 well five Tn over Tw
Tnw6 well six Tn over Tw
Tw1 well one Tw
Tw2 well two Tw
Tw3 well three Tw
Tw4 well four Tw
Tw5 well five Tw
Tw6 well six Tw
z total production rate of LNAPL in (ft3 per day)
**** REPORT SUMMARY :
0
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS

NONOPT
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---- 492 VARIABLE Tnw1.L
VARIABLE Tnw2.L
VARIABLE Tnw3.L
VARIABLE Tnw4.L
VARIABLE Tnw5.L
VARIABLE Tnw6.L
VARIABLE Tw1.L
VARIABLE Tw2.L
VARIABLE Tw3.L
VARIABLE Tw4.L
VARIABLE Tw5.L
VARIABLE Tw6.L
VARIABLE Q1.L
VARIABLE Q2.L
VARIABLE Q3.L
VARIABLE Q4.L
VARIABLE Q5.L
VARIABLE Q6.L
VARIABLE s1.L
VARIABLE s2.L
VARIABLE s3.L
VARIABLE s4.L
VARIABLE s5.L
VARIABLE s6.L
VARIABLE w1.L
VARIABLE w2.L
VARIABLE w3.L
VARIABLE w4.L
VARIABLE w5.L
VARIABLE w6.L
VARIABLE z.L

=

0.086 well one Tn over Tw
=
0.038 well two Tn over Tw
=
0.040 well three Tn over Tw
=
0.037 well four Tn over Tw
=
0.016 well five Tn over Tw
=
0.030 well six Tn over Tw
=
58.385 well one Tw
=
50.210 well two Tw
=
15.652 well three Tw
=
15.511 well four Tw
=
4.322 well five Tw
= 118.261 well six Tw
= 1050.000 pumping at well 1 in
(ft3 per day)
= 1304.743 pumping at well 2 in
(ft3 per day)
= 354.105 pumping at well 3 in
(ft3 per day)
= 291.152 pumping at well 4 in
(ft3 per day)
=
0.000 pumping at well 5 in
(ft3 per day)
= 3000.000 pumping at well 6 in
(ft3 per day)
=
19.000 drawdown at well 1
=
22.000 drawdown at well 2
=
20.507 drawdown at well 3
=
20.549 drawdown at well 4
=
22.000 drawdown at well 5
=
22.000 drawdown at well 6
=
45.000 water level at well 1
=
45.000 water level at well 2
=
43.507 water level at well 3
=
43.549 water level at well 4
=
45.000 water level at well 5
=
45.000 water level at well 6
= 319.166 total production rate
of LNAPL in (ft3 per
day)
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EXECUTION TIME

=

0.020 SECONDS

3 Mb WIN224-147 Feb 13, 2007

USER: GAMS Development Corporation, Washington, DC G871201/0000CA-ANY
Free Demo, 202-342-0180, sales@gams.com, www.gams.com
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Glossary
bn

Monitoring well LNAPL thickness

Dn

LNAPL specific volume

g

Gravitational constant

hc

Capillary pressure head

han

Air-LNAPL capillary pressure head

hnw

LNAPL-water capillary pressure head

Jn

LNAPL hydraulic gradient

Jw

Water hydraulic gradient

krn

LNAPL relative permeability

Kws

Water saturated hydraulic conductivity

krw

Water relative permeability

M

van Genuchten M parameter

n

Porosity

N

van Genuchten N parameter

pc

Capillary pressure

pc[an]

Air-LNAPL capillary pressure

pc[nw]

LNAPL-water capillary pressure

Qn

LNAPL discharge

Qw

Water discharge

Rc

Radius of capture

Rn

LNAPL recoverable volume

r

Mean radius of curvature of interface between fluid phases

Se

Effective saturation
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Se[t]

Effective total saturation

Se[w]

Effective water saturation

Sn

LNAPL saturation

Snr

LNAPL residual saturation

Swr

Irreducible water saturation

Tn

LNAPL transmissibility

z

elevation

zan

Air-LNAPL interface elevation in monitoring well

zaw

Water table elevation

zmax

Maximum elevation of free LNAPL (due to capillary rise)

znw

LNAPL-water interface elevation in monitoring well

zr

Reference elevation

zwt

Elevation of water table

α

van Genuchten (vG) α parameter

αan

vG α parameter air-LNAPL scaling parameter for interfacial tension

αnw

vG α parameter LNAPL-water scaling parameter for interfacial tension

µn

LNAPL dynamic viscosity

µr

LNAPL-water viscosity ratio

µw

Water dynamic viscosity

ρr

LNAPL-water density ratio

ρw

Water density

σan

Air-LNAPL surface tension

σaw

Air-water surface tension

σnw

LNAPL-water surface tension

θc

Contact angle
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