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ABSTRACT

To assess source formation, phase separation, capillary zone depression, alcohol
transport and potential pore-water impacts, unsaturated zone releases of ethanol- and
methanol-blended fuels were compared in two-dimensional continuous flow experiments.
Experiments were conducted with blends of varying alcohol content (15, 25, 50 and 85
vol. %).

Visualization and image analysis of the releases showed decreases in residual
NAPL saturation and increases in area impacted by NAPL with increasing alcohol
content for blends of both alcohols. Comparing equivalent alcohol-content fuels, spill
areas were less for the methanol blends than for the corresponding ethanol blends while
residual saturations were greater for the methanol blends.

Agueous methanol and hydrocarbon concentrations were measured downstream
of an M15 release and compared with a source dissolution and transport model. Source
depletion of hydrocarbons was significantly faster than that predicted for equilibrium

dissolution of the NAPL, suggesting flow bypassing of a portion of the NAPL source.
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CHAPTER 1: INTRODUCTION
1.1 Background
1.1.1 Oxygenate Usage in Transportation Gasolines

As part of the Clean Air Act Amendments of 1990 (CAAA), the use of
reformulated gasoline (RFG) was mandated in areas across the United States to improve
air quality via reduced vehicle emissions. With this legislation, compositional
specifications for RFG were introduced which included a minimum oxygen content of
2.0 weight percent. The oxygenate methyl tertiary-butyl ether (MTBE) was first used to
meet the oxygen requirement but was later supplanted due to groundwater contamination
and toxicity concerns.

The Energy Policy Act of 2005 (EPAct) eliminated the RFG oxygenate
requirement and established the Renewable Fuel Standard (RFS) which called for
continuing increases in the amount of renewable fuel used in gasoline. Bolstered by state
subsidies and incentives, this renewable fuel requirement has largely been fulfilled by the
use of ethanol (U.S. Department of Agriculture, 2007).

Domestically, ethanol is most commonly found in the fuel blends E10 (10% v/v
ethanol) and E95 (95% v/v ethanol), used for direct vehicle fueling and the mixing of
other ethanol-blended fuels, respectively. In Brazil, intermediate ethanol blends (E20 and
E25) have been in use for several decades (Freitas and Barker 2011).

The oxygenate methanol initially gained broad recognition as a viable
transportation fuel in the 1970s (Reed 1973). Thereafter, several vehicles were developed
for use with high methanol content blends such as M85 (85% v/v methanol). In the

1990s, dedicated fleets of vehicles utilizing these methanol blends were operated in



California and New York State. Nevertheless, methanol blended fuels failed to gain
traction in the marketplace due to the falling price of petroleum at the time and a lack of
advocacy for their use (Bromberg 2010). Recently, however, there has been renewed
interest in methanol as a renewable fuel component due to the diversity and availability
of potential feedstocks. Methanol blends are in wider use abroad, with a broad range of
fuels from M5 to M100 available across China, the world’s largest methanol producer
(Yang and Jackson 2012).

1.1.2 Source and Production of Ethanol and Methanol

Ethanol is primarily produced through the fermentation of sugar- or starch-based
feedstocks, though cellulosic feedstocks can also be used. In the United States, corn is
used as the leading source.

For economic reasons, methanol is chiefly produced domestically from a natural
gas feedstock. Through steam-reforming, this natural gas is converted into a synthesis
gas. The synthesis gas, consisting of CO, CO,, and hydrogen, then reacts over a catalyst
to form methanol. However, methanol can also be produced from many other feedstocks
including coal and many renewable sources.

1.1.3 Blended Fuel Releases in the Environment

With corn as the principal feedstock used in ethanol manufacture in the United
States, ethanol production plants are concentrated in the Corn Belt, a region
encompassing several Midwestern states where the majority of domestic corn is grown.
Ethanol produced in these plants is then transported via rail, truck or pipeline to the

coastlines where great demand exists. Manufactured methanol is transported by similar



means, though production is less centralized due to the geographic spread of current
natural gas supplies.

In the course of the overland transit required to deliver the fuels to consumers,
accidents may occur that can result in fuel infiltrating the subsurface. Moreover, in
addition to potential releases during transport, fuels can also enter the subsurface via
leaking storage tanks as well as spills at distribution terminals (ITRC 2011, Powers

2001).

1.2 Properties of Alcohol-Blended Fuels

1.2.1 Physical and Chemical Properties of Ethanol and Methanol

Ethanol and methanol are primary alcohols whose physical and chemical
properties (Table 1-1) influence the behavior of the blended fuels that contain them. Both
alcohols are buoyant, with similar specific gravities much less than that of water. Both
alcohols are also hygroscopic, having an affinity for water and water vapor, as well as
being completely miscible in water. Further, Henry’s Law constants for ethanol and

methanol are low, such that volatilization from the aqueous phase is unlikely.

1.2.2 Cosolvency Effects

In contrast to the hydrophobic hydrocarbons found in gasoline, ethanol and
methanol are cosolvents, miscible in both the water and NAPL phases. As a result, these
alcohols can induce a cosolvency effect in which their presence facilitates greater
aqueous solubility of the NAPL. This behavior in cosolvent systems is depicted in ternary

phase diagrams.



Table 1-1. Physical and chemical properties of ethanol and methanol.

Property Ethanol Methanol
Chemical formula C,Hs0OH CH3OH
Molecular weight 46.07% 32.040
Specific gravity, 15° C [g/cm®] 0.789® 0.791®
Boiling point [°C] 78.24" 64.5%
Melting point [°C] -114.14Y -97.5®
Vapor pressure, 25°C [mm Hg] 59.26 127®
Water solubility [mg/L] miscible Miscible
Viscosity, 25°C [cp] 1.074Y 0.544®
Surface tension [mN/m] 21.82) 22510
Henry’s Law Constant, 25°C

[atm-L/mole] 0.00507¢ 0.00455%

Dimensionless 257x10%®  1.09x10%®
Diffusivity (aq.), 25°C [cm%/sec] 1.22x10°%® 154x10°®
Log Kow 0.20@ 0.71@

WLide, 2013
@sangster, 1989
®Gaffney et al., 1987
“Us EPA, 1998
®Merck Index, 2006
®Hao and Leaist, 1996

Ethanol Methanol

b)

L0
Water 0 10 20 30 40 50 60 70 80 90 100 Benzene Water 0 10 20 30 40 50 60 70 80 90 100 Benzene

Figure 1-1. Simulated ternary phase diagrams at 25°C for (a) ethanol-benzene-water
system (b) methanol-benzene-water system (Lee 2008).



The partitioning behavior of three-component NAPL-cosolvent-water systems
containing ethanol or methanol as a cosolvent is similar (Figure 1-1). In both cosolvent
systems, the two-phase region of the phase diagram is characterized by tie lines having
negative slope, demonstrating the inclination of the cosolvents to preferentially partition
into the aqueous phase. However, the area of the two-phase region is greater for the
methanol system than for ethanol, indicating a greater percentage of mixture
combinations that will result in two-phase systems.

Surface and interfacial tension (IFT) are also affected by the presence of
cosolvents. IFT at the plait point is zero, as the compositions of the two existing phases
are identical. As the mixture moves away from the plait point, compositional changes in
the fluid phases alter the surface tension and IFT.

As ethanol partitions into the aqueous phase of a three-component system, surface
tension is progressively decreased with increasing ethanol (McDowell and Powers 2003).
IFT is likewise reduced with rising aqueous ethanol concentrations in similar systems for
iso-octane as well as gasolines (retail and simulated).

Changes in fluid viscosity are similarly related to the partitioning behavior.
Ethanol (1.074 cp) is more viscous than water (0.890 cp) at 25 °C, while methanol (0.544
cp) is less viscous. However, as water is added to a three-component system, viscosity of
the mixture increases throughout the single-phase region. In the two-phase region, the
viscosity of the aqueous phase increases significantly to almost three times the viscosity
of the two-component NAPL-cosolvent system before decreasing at total system water

contents >70% (Lee and Ha 2012).



1.3 Research Objectives
This study investigated ethanol- and methanol-blended fuel releases in the
capillary zone. Experiments were performed at the bench scale using fuels with
compositions varying from 15 to 85 % v/v alcohol in order to
(1) Evaluate the qualitative and quantitative effects of fuel composition on NAPL
source zone formation, mobilization and redistribution as well as alcohol transport
(2) Compare the behavior of ethanol- and methanol-blended fuel releases
(3) Assess potential pore-water impacts of blended-fuel releases.
In this work, only physical-chemical effects were considered; microbial effects were not

taken into account.

1.4 Thesis Organization

Background information regarding the properties and typical applications of
alcohol-blended fuels is presented in Chapter 1 along with the objectives of this work.
Next, relevant literature concerning releases of ethanol- and methanol-blended fuels is
reviewed in Chapter 2. Experimental setup and methods are then described in Chapter 3
with results and discussion provided in Chapter 4. Chapter 5 examines source models
derived from the advection-diffusion equation. Finally, conclusions from this work and

suggestions for future work are presented in Chapter 6.



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction

The behavior of oxygenated fuels has been investigated in previous studies in
batch experiments and at the lab, pilot and field scales. These studies have focused on
high and low alcohol content fuels, primarily the E10 and E95 ethanol blends and the
methanol blend M85.
2.2 Effects of Methanol on Fuel Behavior
2.2.1 Equilibrium Batch Experiments

Equilibrium batch experiments were performed by Poulsen et al. (1992) with
methanol-blended fuels of varying methanol content. At a 10:1 aqueous phase to fuel
ratio, aqueous concentrations of the BTEX compounds, with the exception of benzene,
remained constant for methanol blends up to 90% methanol, suggesting that BTEX
solubility was not enhanced at low methanol concentrations. At a 1:1 aqueous-phase to
benzene ratio, aqueous benzene concentrations increased linearly with increasing
methanol content up to 20-30% methanol content, beyond which, the concentrations

exhibited logarithmic behavior.

2.2.2 Saturated-Flow Column Studies

Using blends of methanol and the conventional gasoline APl PS-6 in saturated
flow column experiments, releases of M85 yielded almost complete (greater than 90%)
recovery of methanol (Barker et al. 1992, Donaldson et al. 1993). However, hydrocarbon
recovery from these releases was limited. Barker et al. (1992) recorded benzene recovery
at 78% with xylenes recovery at 20%; Donaldson et al. (1993) observed similar benzene

recovery with 45% recovery of toluene. This recovery of benzene and toluene from the



M85 releases was much greater than from the MO control releases in which hydrocarbon
recovery was less than 10%. From this reduced recovery of hydrocarbons, the presence of
a gasoline residual remaining in the column was inferred (Barker et al. 1992).

Maximum effluent concentrations of BTEX compounds observed in M85 column
experiments were greater than BTEX concentrations measured in an MO release (Rixey
and Dortch 1992) and those expected from an MO release based on component solubility
(Donaldson et al. 1993). Based on the breakthrough curves of the effluent concentrations,
Donaldson et al. (1993) reported a delay in reaching maximum BTEX concentrations
after methanol concentrations had peaked. In the subsequent tailing following the peak
concentrations, BTEX concentrations were in line with values expected from a pure
gasoline phase (Barker et al. 1992, Donaldson et al. 1993). Additionally, released M85
generated a residual gasoline source along the entire column length, though concentrated
near the inlet injection site (Donaldson et al. 1993). In contrast, the pure PS-6 gasoline

generated a residual spanning only the first 5 cm of the 12.5 cm long column.

2.2.3 Field Scale Studies

A field scale test was conducted at the Canadian Forces Base in Borden, Ontario
in which one slug of M85 was injected below the water table alongside PS-6 gasoline and
chloride, used as a conservative tracer (Barker et al. 1992, Barker et al. 1993). In this test,
methanol migrated at the same rate as the groundwater, with far greater longitudinal than
transverse dispersion. Methanol was not present in sufficient quantities to affect the

migration of the BTEX compounds.



2.3 Effects of Ethanol on Fuel Behavior

2.3.1 Equilibrium Batch Experiments

Similar to methanol, batch partitioning experiments were performed for NAPL-
water systems with ethanol as a cosolvent (He et al. 2011, Heermann and Powers 1998,
Rixey et al. 2005). Analogous to methanol, increasing aqueous-phase ethanol
concentrations resulted in logarithmic increases in cosolvency of xylene and the other
BTEX compounds for agueous ethanol volume fractions greater than 0.20 (Heermann
and Powers 1998). Additionally, cosolvency was inversely related to the solubility and
hydrophobicity of the hydrocarbon compounds. The most soluble hydrocarbon
component, benzene, exhibited the lowest concentration enhancement (He et al. 2011,
Rixey et al. 2005) while xylene, the most hydrophobic compound, showed the greatest

increase in partition coefficient (Heermann and Powers 1998).

2.3.2 Saturated-Flow Column Studies

A series of experiments by Rixey et al. (2005) explored three fuel release
scenarios involving ethanol in saturated flow columns. Effluent BTEX concentrations
were raised slightly as a result of emplaced gasohol (E15), limited by the low amount of
ethanol present in the fuel. However, a pulse of neat ethanol released on emplaced fuel
(EOQ) produced substantial increases in aqueous BTEX concentrations in the effluent,
though concentrations were restricted by the depletion of the BTEX compounds and were
dependent upon the amount of contact between ethanol and the emplaced NAPL. A pulse
release of E95 generated a residual within the column, providing a long-term source of

BTEX, similar to the emplaced gasohol.



2.3.3 Bench Scale Studies

The behavior of ethanol and fuels was also investigated at the bench scale in two-
dimensional studies that allowed for clear visualization of releases (Capiro et al. 2007,
McDowell and Powers 2003, McDowell et al. 2003, Stafford et al. 2009).

In an injection of low ethanol content E10 near the surface, McDowell and
Powers (2003) observed the rapid accumulation of ethanol in the unsaturated zone,
partitioned into the aqueous phase. The gasoline phase continued to migrate downwards
and pooled at the capillary fringe, where it spread laterally, mostly depleted of ethanol. In
comparing this E10 release to one of pure gasoline (EO), the authors noted that the
ethanol had no noticeable effect on the size, shape or saturation of the gasoline residual.

A release of E95 at the water table migrated upwards through the capillary fringe
due to buoyancy and an interfacial tension gradient (Capiro et al. 2007). Ethanol again
phase-separated in the capillary zone, thus lowering the surface tension of the agqueous
phase and resulting in significant depression of the capillary fringe. This fuel behavior
was unlike that of a similar injection of unoxygenated NAPL, which did not migrate
upwards. It remained pooled at the water table instead.

In cases of ethanol released onto existing NAPL, NAPL was dissolved and
mobilized ahead of the advancing ethanol front. For a surface ethanol injection with a
pool of residual NAPL located at the capillary fringe, NAPL moved downwards in front
of the migrating ethanol, increasing the concentration of NAPL at the capillary fringe
(McDowell et al. 2003). The lowered capillary fringe resulting from the presence of
ethanol produced further increases in the concentration of the NAPL pool as surrounding

NAPL drained into the depression.

10



For an ethanol release near the top of the capillary fringe upstream of a vertical
source spanning the saturated and unsaturated zones, ethanol traveled horizontally,
generating lenses of NAPL above and below the path of the ethanol (Stafford et al. 2009).
The capillary fringe height was lowered due to the amount of ethanol present, though it

began to recover as the ethanol was flushed from the system.

2.3.4 Pilot and Field Scale Studies

The results of ethanol fuel releases conducted at the pilot and field scales have
largely corroborated results from smaller bench scale studies. In pilot scale releases of
E95 (Capiro et al. 2007) and neat ethanol on emplaced NAPL (Stafford et al. 2009),
ethanol and hydrocarbons were transported above the water table, with ethanol flow
driven by buoyancy and interfacial tension gradients. However, ethanol transport in the
capillary fringe in this scale aquifer was retarded in comparison with a saturated zone
bromide tracer (Capiro et al. 2007).

In an E10 release at the Canadian Forces Base Borden, Freitas and Barker (2011)
observed that most of the ethanol was retained in the unsaturated zone above the capillary
fringe. The retained ethanol remained at a depth close to that of the release and was
unaffected by fluctuations in the height of the water table. This partitioning of the ethanol
into the aqueous phase had the additional effect of separating the ethanol from the NAPL
phase, limiting solubility enhancement and reductions in hydrocarbon biodegradation
(Freitas et al. 2011).

One year following the aforementioned E10 release, an E95 release at the same
site simulated a denatured ethanol release on a gasoline residual (Freitas and Barker

2013). The larger volume of ethanol in this E95 spill allowed ethanol to reach the

11



capillary fringe and spread laterally. The greater amount of ethanol partitioning to the
aqueous phase caused significant depression of the capillary fringe as well as

accumulation of NAPL beneath the areas with high ethanol concentrations.

2.4 Knowledge Gaps

Previous studies of alcohol-blended fuels have focused on high- or low-alcohol-
content blends with 10, 15, 85 or 95 volume % alcohol, with recent work examining the
intermediate ethanol fuel blends E25 and E50 (Mamonkina 2011). The behavior of
equivalent intermediate methanol blends is unknown, however.

Though similar, ethanol and methanol are differentiated in several key aspects,
including varying aqueous surface tensions, partitioning behavior and cosolvency. This
work investigates the impact of differences in the behavior of these two alcohols with

respect to spills in the subsurface unsaturated zone.
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CHAPTER 3: EXPERIMENTAL OVERVIEW

Methanol and ethanol fuel blends were injected into the capillary zones of
continuous-flow 2D cells. The behavior of these releases was recorded and analyzed from
the time of injection up to one week following injection.

Examining the blends M15, M25, M50 and M85, four original methanol-blended
fuel injections were conducted during which visualization data was collected. Likewise,
duplicates of four previous single experiments (Mamonkina 2011) injecting the ethanol-
blended fuels E15, E25, E50 and E85 were performed. The ethanol blends tested in these
duplicate experiments matched the alcohol/NAPL volume compositions of the
corresponding methanol blends.

In addition to these shorter-term weeklong experiments, a larger 75-mL M15 fuel
injection was conducted. Visualization data was obtained in this experiment as well as
pore-water concentration measurements, which were taken for 50 days following the

release.

3.1 Experimental Methods

3.1.1 Experimental Setup

Experimental conditions and materials for the releases were chosen to mimic as
closely as possible the conditions of the initial ethanol-blended fuel experiments from
previous work (Mamonkina 2011). These analogous conditions allowed for reasonable
comparisons between the initial and duplicate ethanol blend releases and between the
ethanol and methanol blend releases.

The release experiments were performed in similar bench scale continuous-flow
2D cells (Figure 3-1). The methanol blend releases were conducted in a larger (50 cm x
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55 cm x 1.5 cm) cell with a glass front wall and an acrylic back wall. The duplicate
ethanol blend releases were conducted in a smaller (40 cm x 45 cm x 1 cm) glass-walled

cell to match the conditions of the initial experiments.

Capillary Fringe

Injection

v { Water Flow : \
v

Water Table

Figure 3-1. 2D continuous-flow cell used for release visualization.
Ottawa Federal-Fine sand was selected as the porous media for the release
experiments based on its white coloring which enabled clear observation of the dyes used

to visualize the spills. The properties of the Federal-Fine sand are given in Table 3-1.

Table 3-1. Properties of Ottawa Federal-Fine Sand.

Parameter Federal-Fine Sand
Specific Gravity 2.65
D60/D10 1.67
Hydraulic Conductivity [cm/s] 0.0051
Capillary zone height [cm] 241

Source: Mamonkina, 2011

For the smaller weeklong-duration ethanol and methanol blend experiments, the
sand was packed in the cells using a semi-dry packing method (Stafford et al. 2009) used

in previous work. In this semi-dry packing procedure, the sand was deposited in 2 cm
14



lifts. For each lift, sand was poured into the cell using a small beaker positioned at the top
lip of the wall of the cell. To limit heap formation during this process, the beaker was
continuously moved across the width of cell as the sand was poured from the beaker.
Throughout the deposition of the sand, a water level in the side wells of the apparatus
was maintained such that the deposited sand was completely saturated, but was not
submerged. When a lift height of 2 cm was reached, the sand was then tamped down and
compacted with an acrylic bar as a pestle.

Unlike the shorter-term ethanol and methanol blend releases, the larger (50 x 55 x
1.5 cm) cell was packed using a saturated packing method for the 75-mL M15 release. In
this packing method, a layer of water was maintained above the level of the sand while
packing. As with the unsaturated packing, the sand was loaded into the cell in 2 cm lifts
and tamped down.

During packing, 19-gauge stainless steel needles (Sigma Aldrich Model 2219363
and Z219371) were embedded in the media as spill injection and pore-water sampling
ports. These needles were installed in the cell once the height of the packed sand reached
the intended vertical location of the port. The remaining media was then packed around
the emplaced needles.

For the 75-mL M15 release, six sampling ports were installed in addition to the
injection port to collect pore-water concentration measurements (Figure 3-2). The
locations of these ports were chosen based on the flow patterns observed in the tracer test
to most effectively capture the movement of the pore water. Ports 1 and 2 were placed

directly downstream of the source, with ports 3 and 4 in the unsaturated zone downstream
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of the source below ports 1 and 2. Ports 5 and 6 were placed close to the outlet at the

water table and in the saturated zone, respectively.

Figure 3-2. Diagram of injection and sampling ports and tracer study.

Once the cell was fully packed, any air bubbles remaining in the well screens
were removed by initiating forward and reverse water flows through the cell. When a
release experiment was completed, the cell was emptied and rinsed clean before
repacking for the next release to prevent contamination.

Deionized water was delivered to the system at a constant rate via a Masterflex
pump (Cole-Parmer Model #7521-50). The height of the water table was set by ports at
the outlet of the cell. The water table height then determined the vertical position of the
injection point, located four centimeters below the top of the capillary fringe (Figure 3-2)
based on visual observation of water saturation. A distinct wet/non-wet transition was

observed, occurring where water saturation dropped significantly with height.
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Figure 3-3. Layout of bench-scale cells used in (a) ethanol-blended fuel experiments
and (b) methanol-blended fuel experiments.

3.1.2 Cell Hydraulics

Flow in the cell was based on the parameters of an analogue pilot-scale model
aquifer. The flow rate in the 8 m® pilot scale tank was 90 gal/day, corresponding to flow
rates of 0.285 and 0.591 mL/min in the smaller and larger cells, respectively.

The flow rate of the larger bench-scale 2D cell was calculated by scaling the flow

of the pilot-scale tank using

_ (Abs __{ 1.5cmx18cm ga] _ mL
Qs = ( ) X Qps = (180cm X60cm) x 90 /day = 0.591 /mjn’ (3-1)

where
A, = cross-sectional area of the bench-scale cell saturated zone[cm?]
Aps = cross-sectional area of the pilot-scale tank saturated zone [cm?]
Qs = water flow rate of bench-scale cell saturated zone [gal/day]

Qps = water flow rate of pilot-scale tank saturated zone [gal/day].
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A similar calculation was performed for the smaller 2D cell where

Aps = lecm X 13cm (3-2)

giving a flow rate of 0.285 mL/min.

The Darcy velocity in the larger cell is calculated as

_ Qps _ 0.591ML/ _ m i
V=0~ zreme 0.22 Cm/min =315°¢ /day ' (3-3)
Similarly for the smaller cell,
_ Ops _ 0285/ cm _ cm -
v == il = 02200 =315 g (3-4)
Table 3-2. 2D Cell Characteristics
Smaller Cell Larger Cell
(40cmx45cmx1cm) (50 cmx55cmx 1.5 cm)
Darcy velocity [cm/day] 315 31.5
Flow rate [mL/min] 0.285 0.591
Spill volume/area ratio [cm®/cm?] 0.5
Close-packed media porosity 0.351® 0.41
Water table height [cm] 13 18

WMamonkina, 2011

3.1.3 Blended Fuels

Each blended fuel comprised a volume percent of alcohol and an LNAPL

mixture. Two-hundred proof ethyl alcohol and methanol were used as the alcohols in the

blended fuels. The LNAPL mixture consisted of hydrocarbon components commonly

found in gasoline: benzene, toluene, m-xylene, 1,2,4-trimethylbenzene (TMB), and iso-

octane.
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Table 3-3. Physical-chemical properties of alcohols and LNAPL hydrocarbon
components.
Interfacial
. . - Surface : Mass
MW  p[g/em’] V'Si(c:oi"ty Aq'[i]mff]'“ty Tension (Lecn_s'&on) Fraction
P g [dynes/cm] a- in LNAPL
[dynes/cm]
Ethanol 46.1 0.789 1.1 Infinite 22 n/a -
Methanol 32.0 0.792 -
Benzene 78.1 0.879 0.6 1780 28 35 0.021
Toluene 92.1 0.876 0.56 515 28 36 0.056
m-Xylene 106.2 0.864 0.58 162 29 36 0.117
1,24-TMB  120.2 0.878 0.77 57 29 - 0.294
iso-Octane  114.2 0.688 0.47 0.7 20 - 0.512
1.000

The ethanol-blended fuels were injected in 20 mL spill volumes as in the initial

ethanol blend experiments. This 20-mL volume was originally chosen to give a spill

volume to aquifer area ratio of 0.5. For the smaller cell (40 cm x 45 cm x 1 cm) in which

the ethanol blend experiments were conducted, this ratio is calculated as

Vspill

20mL _ cm3

= 5 — Y. 2+
Aspin 40cm cm

(3-5)

To facilitate the comparison of the ethanol- and methanol-blended fuels, an

injection volume of 30 mL was selected for the methanol-blended fuel experiments

conducted in the larger cell (50 cm x 55 cm x 1.5 cm). This 30-mL spill volume was

scaled from the 20-mL ethanol blend releases in the smaller cell based on the thickness of

the two cells. Scaling the spill volume in this way generated profile spill areas in the

larger cell comparable to those from the 20-mL spills in the smaller cell.
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3.1.4 Dyes and Tracers

To aid in the visualization of the releases, dyes were added separately to the
NAPL and alcohol components of the blended fuels before mixing. Hydrophobic Sudan
Red (Sigma-Aldrich: CAS# 6368-72-5) was added to the NAPL mixture at a
concentration of 100 mg/L and hydrophilic Fluorescein (Sigma-Aldrich: CAS# 2321-07-
05) was likewise added to the alcohols at a 100 mg/L concentration.

Prior to each blended-fuel release, an aqueous tracer of dilute propylene glycol
was injected into the packed cell. With the same injection volume as the fuel releases, the
tracers were used to determine seepage velocity and flow patterns through the cell. The
movement of each tracer, colored green by the propylene glycol, was recorded in digital

photographs taken regularly as the tracer migrated through the system (Figure 3-3).

Figure 3-4. Visualization of propylene glycol tracer (a) immediately after injection, (b)
24 hours after injection and (c) 48 hours after injection.

3.1.5 Methods of Analysis

For the one-week duration of each experiment, digital still photographs were
taken of each release. Image processing of these photographs was accomplished using the
software program ImageJ (Wayne Rasband, U.S. National Institutes of Health, Bethesda,

MD, USA). In ImageJ, the outline of the residual NAPL was first manually traced.
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Reference dimensions within the image were set and the area of the traced residual was
then computed via pixel count.
From the measured area of the NAPL residual, the saturation of the region was

determined. The total pore volume contaminated by the NAPL, V., was calculated as

Veont = € X Aspill XW, (3-6)

where
& = cell porosity
Agpinn = area of NAPL residual source [cm?]
w = depth of the cell.

Using the contaminated pore volume, the NAPL (oil) saturation, 8y 4p,, Was calculated as

v
OnapL = ‘;Z ::: , (3-7)

where

Vaapr = volume of NAPL (hydrocarbons) in the fuel mixture [cm?].
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Methanol Blend Releases

The methanol-blended fuel releases (M15, M25, M50 and M85) were conducted
in the larger (50 cm x 55 cm x 1.5 cm) 2D cell. Thirty milliliters of each methanol blend
were injected into the capillary zone of the cell under similar conditions for all four

releases.

4.1.1 M15 Release
A 30-mL release of the methanol blend M15 (15 % v/v methanol) was injected

into the capillary zone. The visualization of this release is shown in Figure 4-1.

Figure 4-1. Visualization of M15 release in the capillary zone (a) after injection, (b) 24
hours after injection, and (c) one week after injection.

The high percentage of NAPL in this blend generated a high-saturation NAPL
source upon injection with no phase separation visible due to the low methanol content of
the blend. Twenty-four hours after injection, depression of the capillary fringe was
observed. At this time, the NAPL in the source zone appeared to have been redistributed
while the areal extent of the source remained relatively unchanged. After one week, little

recovery in the height of the capillary fringe was observed from the visualization results.
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4.1.2 M25 Release

A release of 30 mL M25 was injected into the capillary zone as shown in Figure
4-2. Shortly after the injection of M25, a small amount of methanol had phase separated
and entered the pore water as evidenced by the yellow Fluorescein fringe at the upper
edge of the NAPL source. After 24 hours, further phase separation of methanol had
occurred accompanied by slight spreading of the NAPL source and capillary fringe
depression. After one week, the capillary fringe had not yet recovered and noticeable

amounts of NAPL were present downstream of the source.

Figure 4-2. Visualization of M25 release in the capillary zone (a) after injection, (b) 24
hours after injection, and (c) one week after injection.

4.1.3 M50 Release

Thirty milliliters of the intermediate methanol blend M50 were released in the
capillary zone as shown in Figure 4-3. Immediately after injection of the M50 blend, a
faint yellow halo was observed surrounding the NAPL source, most prominent on the

upper edge, indicating phase separation of the methanol.
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Figure 4-3. Visualization of M50 release in the capillary zone (a) after injection, (b) 24
hours after injection, and (c) one week after injection.

After 24 hours, the higher methanol content in the M50 blend resulted in greater
depression of the capillary fringe relative to that observed for M15 and M25. Further, the
fuel’s NAPL content produced sufficient saturation in the residual NAPL source to
temporarily restrict flow through the region, trapping a portion of the methanol upstream
of the NAPL. The NAPL source zone had increased in area since the time of injection,
expanding downwards, and, at this time (24 hours), a lower-saturation zone across the
middle of the NAPL source was emerging as the methanol began to break through the
high-saturation source zone.

One week after injection, the methanol had migrated downstream of the source
and some recovery in the capillary fringe height was observed. The middle region of
lower saturation from the methanol breakthrough was clearly visible in the NAPL source,
though the total area of the source zone remained relatively unchanged after its initial
expansion in the first 24 hours after injection. Trace amounts of NAPL were also

observed downstream of the source.
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4.1.4 M85 Release

A 30-mL injection of M85, a high-methanol content fuel blend, was conducted in
the capillary zone as shown in Figure 4-4. The low NAPL content of the M85 fuel
generated a low saturation residual source zone. Initial phase separation of the methanol
was observed following the injection as a distinct yellow halo surrounding this source

Zone.

Figure 4-4. Visualization of M85 release in the capillary zone (a) after injection, (b) 24
hours after injection, and (c) one week after injection.

Twenty-four hours later, the injected NAPL was concentrated at the edge of the
residual source, forming a thin higher-saturation ring surrounding the low saturation
center. As with the M50 injection, the NAPL source zone had spread downwards,
enlarging the area of the spill. The decrease in surface tension from the large amount of
methanol in the fuel caused a substantial depression in the capillary fringe. A minimal
amount of methanol remained upstream of the source at this time due to the small
reduction in flow through the NAPL source from the low residual saturation. Recovery of
the capillary fringe one week after injection was greater than that observed for the lower

methanol content fuels. The NAPL source zone remained relatively unchanged.
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4.1.5 Summary of Methanol Blend Releases

Trends in spill behavior were observed in the visualization of the methanol-
blended fuel releases. In all cases, capillary fringe depression occurred within 24 hours of
injection, with some recovery for the higher methanol content fuels after one week.

Spreading of the NAPL residual source zone was observed in all blends. As
described previously, this spreading was quantified via image processing. Initial
saturation and final values for saturation and contaminated pore volume were calculated
10 minutes and one week after injection, respectively (Table 4-1 and Figure 4-5).

Saturation decreased over the duration of each experiment with the spreading of
the source zone. Across the blends, spreading of the source increased with increasing
methanol content. Correspondingly, final contaminated pore volume increased, while
final saturations decreased with increasing methanol content. M50, however, was unique

in the formation of a lower NAPL saturation middle zone following release.

Table 4-1. NAPL saturations and pore volume impacted by NAPL for 30-mL methanol
fuel blend releases.

M15 M25 M50 M85
Initial Saturation 0.703 0.626 0.388 0.085
Final Saturation 0.621 0.509 0.244 0.047
Final Contaminated Pore Vol. (cm®) 41.1 44.2 61.5 95.3
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Figure 4-5. NAPL saturation and pore volume impacted by NAPL for 30-mL methanol
fuel blend releases.

4.2 Duplicate Ethanol Blend Releases

Previous experimental releases (Mamonkina 2011) of ethanol-blended fuels were
duplicated. In these visualization experiments, 20 mL of E15, E25, E50 and E85 blended
fuels were injected in the capillary zone of the smaller (40 cm x 45 cm x 1 cm) 2D cell,
similar to the methanol-blended fuel releases. The conditions of these duplicate releases
were similar across all tested ethanol blends and matched those of the original release
experiments.
4.2.1 Results

The outcomes of the four duplicate experiments corroborated the results obtained
previously. General stages of fuel behavior identified in the initial study (Mamonkina

2011) were again observed in these releases: the injection of fuel into the capillary zone,
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the partitioning of ethanol into the aqueous phase and the redistribution of the NAPL

phase. The visualization of the duplicate releases is shown in Figure 4-6.

After injection 24h 7d

E15
20mL

E25
20mL

E50
20mL

E85
20mL

Figure 4-6. Duplicate visualization experiments of ethanol-blended fuel releases
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As before, higher residual NAPL saturations from the lower ethanol content fuels
suggested water flow bypassing which leads to mass transfer-limited dissolution of
BTEX from NAPL and thus the potential for persistent long-lived low BTEX
concentrations in the downstream pore water. Furthermore, for the higher ethanol content
fuels, low residual NAPL saturations indicated good flow of pore water through the
residual source that may result in initially greater, but shorter-lived BTEX pore water
concentrations.

Numerical analysis of the duplicate releases yielded values similar to those
obtained in the initial experiments. A comparison of the numerical results between the

initial and duplicate experiments is given in Figure 4-7.
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Figure 4-7. NAPL saturations and contaminated pore volumes for initial and duplicate
ethanol-blended fuel releases
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Table 4-2. NAPL saturations and contaminated pore volumes for initial and duplicate
ethanol-blended fuel releases.

E15 E25 E50 E85
Final Saturation
Run 1! 0.368 0.296 0.152 0.039
Run 2 0.386 0.305 0.159 0.037
Final Contaminated Pore VVolume [cm®]
Run 1 46.1 50.7 65.9 76.0
Run 2 44.0 49.2 62.7 80.3

IMamonkina, 2011

4.3 Comparison of Methanol and Ethanol Releases

The methanol and ethanol blend releases follow the general stages of formation of
a residual NAPL source, phase separation, depression of the capillary fringe and NAPL
redistribution. Visualizations of corresponding ethanol and methanol blends are

compared in Figures 4-8, 4-9, 4-10 and 4-11.
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After injection 24h

(b)

Figure 4-8. Visual comparison of (a) 20-mL E15 and (b) 30-mL M15 releases.

24h 7d

Figure 4-9. Visual comparison of (a) 20-mL E25 and (b) 30-mL M25 releases.

After injection

(a)

(b)
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After injection 24h 7d

(a)

(b)

Figure 4-10. Visual comparison of (a) 20-mL E50 and (b) 30-mL M50 releases.

After injection 24h 7d

(a)

(b)

Figure 4-11. Visual comparison of (a) 20-mL E85 and (b) 30-mL M85 releases.
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Overall, for both methanol and ethanol, capillary fringe depression and spreading
of the NAPL source increased with increasing alcohol content in the fuels. Additionally,
in the low alcohol content fuels (up to 25 vol. % alcohol), little phase separation was
observed in both the ethanol and methanol blends likely due to the small amount of
alcohol in the fuels.

The alcohols were differentiated in several aspects. The behavior of methanol and
ethanol fuels diverged on the NAPL redistribution of the intermediate alcohol content
fuels (25 and 50 vol. % alcohol). For E25 and E50, ethanol was trapped upstream of the
highly saturated residual NAPL source zone, eventually breaking through and forming a
horizontal middle zone of lower saturation and higher flow in the residual NAPL one
week after release. The trapping of alcohol upstream and subsequent breakthrough
occurred much sooner for M50, with a distinct middle low saturation zone emerging just
24 hours after injection and appearing greatly reduced after one week. A middle lower
saturation zone was never formed in the M25 case, with NAPL redistribution more
similar to the low methanol content M15 blend than M50. Though capillary fringe
depression was observed in all methanol and ethanol blend releases, the capillary
depression for the methanol blends was less than that of their ethanol blend counterparts.

A quantitative comparison of the ethanol and methanol-blended fuels is given in
Figure 4-12. Overall, the saturation of the NAPL source zone one week after injection
(the final saturation) was greater for the methanol-blended fuels than for their ethanol
counterparts. However, the normalized spill area was larger for the ethanol blends than

for their corresponding methanol blends.
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Figure 4-12. Final saturations and normalized spill areas for alcohol blended fuels.

Table 4-3. Final saturations and normalized spill areas for alcohol blended fuels.

15% Al 25% Al 50% Al 85% Al
Final Saturation, EtOH 0.377 0.301 0.156 0.038
Final Saturation, MeOH 0.621 0.509 0.244 0.047
A/(V/Weg), EtOH 2.254 2.496 3.216 3.907
A/(V/We), MeOH 1.37 1.474 2.049 3.175
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4.4 75-mL M15 Release and Porewater Measurements

4.4.1 Visualization Study

Visualization data of the 75-mL release are given in Figure 4-13.

Figure 4-13. Visualization of 75-mL M15 release in the capillary zone (a) after injection,
(b) 24 hours after injection, and (c) one week after injection.

As with the smaller 30-mL spill, a high-saturation NAPL source zone was
generated by the 75-mL M15 release with no visible phase separation. After 24 hours, the
NAPL had redistributed, accompanied by a slight decrease in the capillary fringe.
Additionally, in this time, the area of the source zone had enlarged dissimilar to the
smaller M15 spill, in which the source area remained unchanged. One week after
injection, the capillary fringe height had decreased and phase separation was evident with

fluorescein dye visible above the source.

4.4.2 Pore-water Concentration Measurements

Following the fuel injection, one-milliliter pore-water samples were drawn from
the six sampling ports at regular intervals. The samples then were analyzed using a gas
chromatograph (Hewlett Packard Model #5890) with a Supelco capillary column (Model
SPB-5, 30 m x 0.53 mm x 5 um) and an OI Analytical flame ionization detector (FID) to

measure pore-water concentrations of methanol, the BTX compounds benzene, toluene,
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and m-xylene and TMB (1,2,4-trimethylbenzene). These methanol, BTX and TMB
concentration measurements are given in Figures 4-14, 4-15 and 4-16 for ports 1, 2 and 4,

respectively.

B Benzene, data = Benzene, model A Toluene, data ==Toluene, model

& m-Xylene, data  ====m-Xylene, model MW 1,2,4-TMB, data e=12,4-TMB, model

O MeOH, data === \eOH, model
50 3500
45
A - - 3000
40
Q \
< A —
E 35 A * ; : - 2500 g
8 'S \ \.\ .§.
£ 1R 2000 S
£ 25 5 - ; = 4 + £
S ® ] \ A A | 1500 E
o
= u
e 15 - 1000 S
©
£ \ [
10

5
| Salon -
0 + : 7 T T T T T T 0

0 5 10 15 20 25 30 35 40 45 50
Time [days]

Figure 4-14. Port 1 measured hydrocarbon and methanol concentrations and model
(Equations 4-6 and 4-1) values.
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Figure 4-15. Port 2 measured hydrocarbon and methanol concentrations and model

(Equations 4-6 and 4-1) values.
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Figure 4-17. Methanol measured concentrations and model curves (Equation 4-1) at (a)
Port 1 and (b) Port 2.
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Figure 4-18. Benzene measured concentrations and model curves (Equation 4-6) at (a)
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Figure 4-19. Toluene measured concentrations and model curves (Equation 4-6) at (a)

Port 1 and (b) Port 2.
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Figure 4-20. m-Xylene measured concentrations and model curves (Equation 4-6) at (a)
Port 1 and (b) Port 2.
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Figure 4-21. 1,2,4-TMB measured concentrations and model curves (Equation 4-6) at
(@) Port 1 and (b) Port 2.
Ports 1 and 2 directly downstream of the injection point showed similar trends in
BTX and TMB concentrations. BTX and TMB compounds were first detected in these
two ports approximately 11 days after the fuel release, with subsequent toluene, m-xylene

and TMB concentrations remaining relatively constant for the remainder of the
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experiment at around 30 mg/L. Benzene concentrations rapidly increased from low initial
measurements to maximums of 45.0 and 40.0 mg/L in ports 1 and 2, respectively,
followed by a steady decrease in concentration.

At port 4, below and downstream of the source, low concentrations of the BTX
and TMB compounds (< 20 mg/L) were measured beginning twelve days after the fuel
release. However, after 34 days, unlike at ports 1 and 2, BTX and TMB compounds were
no longer detectable in the pore water. BTX and TMB compounds were not detected at
ports 3, 5 and 6.

Six hours after the fuel release, methanol was detected in the first samples drawn
from ports 1, 2 and 4. Maximum methanol concentrations in ports 1 and 2 were observed
within days of the release with concentrations of 2100 mg/L two days after release and
3071 mg/L four days after release in port 1 and port 2, respectively. Subsequently,
concentrations of methanol quickly declined and were no longer detectable in these two
ports 14 days after the release. Over the same time frame, low methanol concentrations (<
80 mg/L) were registered in port 4, decreasing to undetectable levels after 14 days.

4.4.3 Pore-water Concentration Modeling
4.4.3.1 Plume Transport Model
Methanol:
The methanol concentrations measured downstream of the source were fitted

using a one-dimensional slug injection into a flow field (Fetter 1993) given as

—__F _Pe i _ 132
Calta,Pe) = —exp (=32 (1= tp)?) (1)

for
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E = (tRmax)l/2 T €Xp (4meax (1 - tRmax)z) ) (4_2)
temax = (1 + Pe™2)Y/2 — pe~! and (4-3)
Cr = C/Cmax ) (4'4)

where
tg = dimensionless time

trmax = dimensionless time at which peak concentration occurs

Cmax = Peak concentration.

Hydrocarbons:

A 1-dimensional plume transport model incorporating a depleting source zone
was used to characterize the concentrations measured downstream of the residual NAPL

source. The model scenario is shown in Figure 4-22.

—_—
—_—
By, Oy, € —_—
—_—

|
|
|
|
1
Dx,eff' Ax' ‘
|
|
|
|
|
1

Figure 4-22. Plume transport model scenario.
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A PDE based on a solute mass balance given as

aC 92c  acC
—=D——v—— 4-5
~ D 7~V kC (4-5)

was solved with the following initial and boundary conditions:
L.C.: C(x,0) =0

B.C.1: C(0,t) = Cye st

aC(o,t)
ox

B.C.2: =0,
where

C = concentration [mg/L]

t = time [days]

x = distance from the source [cm]

D = dispersion coefficient [cm?/s]

v = interstitial velocity [cm/day]

k = reaction rate constant [day™]

A = first order source depletion rate constant [day™].

exp<y r >erfc L)t 2&)
( F)q )

The solution to Equation 4-5 is

Clx,t) = —exp( )exp( —At) (4-6)




This solution was then non-dimensionalized via the following quantities:

t*—w vL
=1 Pe=7
«_ % kL
x =1 Da =—
, C AsL
C —C—O Das_v J

where
L = distance from the source to sampling port [cm]
C, = initial concentration [mg/L]
t* = dimensionless time
x* = dimensionless distance
C* = dimensionless concentration
Pe = Peclet number
Da = Damkohler number
Dag; = Damkohler number (source).

When non-dimensionalized, Equation 4-6 becomes

C*(x"t") =
%exp (Pez'x - Dast*) {exp <x*\/Pe (Da + % - Das)) erfc (Jt* (Da + % - Das) + 4-7)
%J?> + exp (—x*\/Pe (Da + % - Das)) erfc (—Jt* (Da + % - Das) + xf ?)} .

4.4.3.2 Theoretical Source Parameter Calculations

Theoretical source depletion rate constants A, and equilibrium aqueous
concentrations C;5 were calculated based on the physical properties of the hydrocarbon

components and the hydraulic characteristics of the experimental apparatus (Table 4-2).
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In determining theoretical equilibrium concentrations, partition coefficients for
each component were first calculated as (Garg and Rixey 1999)
1 p° ng,gl

K.O_W = —— -
' e P MWy S (4-8)

where

K™ = oil-water partitioning coefficient [cm*-o/cm®-w]
y{ = activity coefficient of component i in the oil phase
p° = oil phase density [g/cm°]
p"¥ = density of water [g/cm®]
MW, = average molecular weight of water [g/mol]
MW,,, = average molecular weight of the oil phase [g/mol]
S; = solubility of pure component i in the oil phase.

From these partition coefficients, theoretical equilibrium aqueous concentrations for each

hydrocarbon component were determined as

Y = Ki??’W , (4-9)
where
C;5 = initial concentration of component i in the water phase [mg/L]
Cj = initial concentration of component i in the oil phase [mg/L].
The volumetric flow rate of water was calculated as
Q = vAeS,, , (4-10)

where

Q = volumetric flow rate of water [cm®/day]
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v = seepage velocity [cm/day]
A = cross-sectional spill area
& = porosity
S,, = water saturation.
The mass of oil in the source was calculated as

My = PoSo€ALs ,

where
m, = oil mass in the source zone
p, = oil density
S, = oil saturation

L, = source length.
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With the volumetric flow rate and oil mass, depletion rate constants were calculated as
K™V w 4-12
mo( /po ( )

where

Q = volumetric flow rate of water [cm*/day]

m, = oil mass in source zone [g].
4.4.3.3 Modeling Results and Analysis

Theoretical equilibrium aqueous concentration values (Cp) for each hydrocarbon
component (Table 4-2) were determined via equation 4-12 from component
characteristics as given in Table 3-3. Values for As were calculated with equations
The one-dimensional pulse injection model was fitted to the collected methanol data,
yielding values for Pe of 7.5 and 9 for port 1 and port 2, respectively.

The plume transport model was fitted to hydrocarbon concentrations measured
downstream of the NAPL source, yielding values for the parameters Cy, Das and As at
ports 1 and 2 for each hydrocarbon component (Table 4-3). Values of Pe of 7.5 and 9 for

port 1 and port 2, respectively, were used based on the values for methanol.

Table 4-4. Theoretical calculated parameters

K™ CowImg/L] Qcm’/day]  molgl  As[day™]

Benzene 300 53.7 49.2 21.6 0.0067
Toluene 1223 35.2 49.2 21.6 0.0016
m-Xylene 2990 20.0 49.2 21.6 0.0004
1,2,4-TMB 9617 15.7 49.2 21.6 0.0001
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Table 4-5. Model fitted parameters

Port 1 Port 2
Co[mg/L]  As[day™] Da, Co[mg/L] As[day™] Das
Benzene 50 0.060 0.0150 46 0.044 0.0400
Toluene 43 0.012 0.0060 43 0.014 0.0130
m-Xylene 30 0.003 0.0016 30 0.004 0.0035
1,2,4-TMB 28 0.001 0.0005 28 0.001 0.0011

Values for Cy generated by the model were comparable to the values predicted
from the physical properties of the hydrocarbon components. This similarity suggested
that equilibrium dissolution initially occurred for flow passing through the source.

However, the theoretical As values were significantly less than those fitted from
the model for each hydrocarbon component. This indicated that the source depleted more
rapidly than would be expected for water flow in equilibrium contact with NAPL
throughout the source zone. The quicker depletion rate suggested that water contact with
the NAPL was limited to a small fraction of the source, indicating that flow bypassing
occurred for the remaining NAPL for which dissolution was mass transfer limited.

A time lag of 9 days was used for modeling the hydrocarbon breakthrough curves
for ports 1 and 2. Hydrocarbons would have been expected to break through at the same
time as the methanol if groundwater was in contact with the NAPL immediately after the
release. However, this was not observed. This lag in hydrocarbon breakthrough indicates
that the pore water passing by ports 1 and 2 initially after the release was not in contact
with the NAPL. Therefore, it is likely that the lag was the result of initial depression of
the capillary fringe due to high methanol concentrations followed by an increase after

methanol was depleted from the source.
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CHAPTER 5: SOURCE MODELING

Solutions to the advection-diffusion (A-D) equation can be derived for various
continuous sources: the point source, the Gaussian source and the finite line source. The
solutions can be used to predict downstream pore-water concentrations emanating from a
residual NAPL source for sources of finite size. These solutions are compared with the
one-dimensional (infinite line source) transport model used in Chapter 4 in the analysis of

the pore water data.

5.1 Advection-Diffusion Equation

The general 3-dimensional A-D equation is

d%c a%c a%c ac ac ac ac
[Dxﬁﬁ'DyW'i'ng]—[Uxaﬁ'vyg-i‘vza]—E, (5-1)
which can be simplified to two dimensions with a uniform flow field as
D, LE 4 ppLE 2625 (5-2)
L gx2 Tay2 "Xax ot

These general equations carry the following assumptions: a conservative substance, a
homogeneous medium, and a fully saturated system. The conditions approximate those of
solutes dissolved in an aqueous plume emanating from a fuel release in the saturated zone

with continuous flow as in the 2-D experiments described above.

5.2 Continuous Source Parameters
The effective diffusion coefficient is defined (Fetter 1993) as

D* = wDy, , (5-3)
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where
D* = effective diffusion coefficient [cm?/day]
w = coefficient related to tortuosity

D, = diffusion coefficient [cm?/s].

Using this quantity, the longitudinal and transverse dispersion coefficients are given as

D, =a,v; + D*

and

Dr = arv; + D,

where
D, = longitudinal hydrodynamic dispersion coefficient
Dy = transverse hydrodynamic dispersion coefficient
«; =dynamic dispersivity in the i direction
v; = average linear velocity in the i direction.
The parameters used in the A-D equations (Table 5-1) were selected to mimic the

conditions of the methanol-blended fuel release experiments.

Table 5-1. Continuous source parameters

Tortuosity Coefficient ® = 07

Linear Velocity Vi = 24 cm/day
Diffusion Coefficient (Benzene), 25°C Dy = 1.02x 10° cm?/s
Effective Diffusion Coefficient D* = 0.617 cm’/day
Longitudinal Dispersivity a. = 03cm

Transverse Dispersivity ar = 0l1cm
Longitudinal Dispersion Coefficient DL = 0.782x 10° m%day
Transverse Dispersion Coefficient Dr = 0.302x 10° m?¥/day
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5.3 Continuous Source Solutions

5.3.1 Point Source Solutions
Fetter (1993) presented solutions for a continuous point source injection into a
uniform two-dimensional flow field. The transient point source solution for concentration

as a function of position and time is

_ Co(Q/b) (B=t (x—v,0)? y2 1d6
Clxy,t) = 4 /DDt f9=0 X [_ 4D 0 4D79] 6 ° (5-6)

where
C, = injection solute concentration [mg/L]
Q = rate of contaminant injection, and
b = aquifer thickness over which contaminant source is injected [m].

The steady-state point source solution is
Co(Q/b) VyX ve? (x% Y2 1/2
= =0 /77 =Xz = (Z_ 4 I -
C(x, y) ~ 2rn/D.Dr €Xp [ZDL] Ko <4-DL (DL + DT)> ! (5 7)

where
K, = modified Bessell function of the second kind and zero order.
Concentration profiles were calculated from the point source solutions using parameters

consistent with the methanol fuel experiments (Table 5-2).

Table 5-2. Point source solution parameters

0.25 mL/min
1.5cm

Contaminant Injection Rate Q
Source Thickness b
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Figure 5-1. Transient point source solution (Eq. 5-6) dimensionless concentrations C /C,,
after one week.
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Figure 5-2. Steady-state point source solution (Eg. 5-7) dimensionless concentrations
C/C,.
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Figure 5-3. Dimensionless centerline concentrations downstream of a point source at
various times (Eq. 5-6).
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Figure 5-4. Dimensionless centerline concentrations downstream of a point source for
transient (t = 7 days) and steady-state (Eq. 5-7) conditions.

At distances less than 0.63 m, the dimensionless centerline concentrations C/C,
calculated from the point source solution are greater than 1. Approaching the source,
concentrations approach infinity. These high concentrations are due to the source
representation in the model as a single point through which a large amount of solute is
injected. The transient point source solution approaches the steady-state centerline

concentration profile after 7 days.
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5.3.2 Gaussian Source Solution
The Gaussian source plume model in two dimensions (Charbeneau 2000) gives

the transient concentration

=T (_X_Z_ Y2 LX_1+4A )
CX,Y,T) = X f TP\ d0 2¥4D0 T2 d dw (5-8)
o oo \/471(4)3(1 + Dw)
for
vrx
X = D_L/ 1 (5'9)
y=2, (5-10)
vret
T=2- (5-11)
A*Dpr
A== (5-12)
D= ZLZ’ZQ’ , and (5-13)
c
=, (5-14)
where

o = standard deviation for the Gaussian source concentration distribution [m]
A* = effective decay coefficient [day™]

v’ = retarded velocity [m/day]

D} = retarded longitudinal dispersion [m?/day]

Dy, = retarded transverse dispersion [m*/day].
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Retarded velocity and dispersion parameters are calculated as

r_ v -
V=0, (5-15)
D' = % ,and (5-16)
Dy =1, (5-17)

where
R = retardation coefficient.
Parameter values analogous to the methanol fuel experiments (Table 5-3) were used in

calculating the solution.

Table 5-3. Gaussian source solution parameters

Standard Deviation c = 0.025m

Effective Decay Coefficient ¥ = 0day*

Retardation Factor R =1

Retarded Velocity v\ = 24 cm/day
Retarded Longitudinal Dispersion D,’ = 0.782 x 10° m¥day
Retarded Transverse Dispersion ~ D;’ = 0.302 x 10° m*day

55



w{rn]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.9 1
=[m]

Figure 5-5. Dimensionless concentrations C/C, downstream of a continuous Gaussian
source (o = 2.5 cm) after one week.
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Figure 5-6. Dimensionless centerline concentration profiles downstream of a continuous
Gaussian source (o = 2.5 cm) at various times.

5.3.3 Finite Line Source Solution
The steady-state finite line source solution in two dimensions (Brooks 1960) is

_ -yn?

b
C0y) = 72 32 exp(—225) dy', (5-18)

where
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t= (5-19)

SR

and
b = source width [m]
with the assumption of negligible longitudinal mixing. The source width b was set at 10

cm for the model calculations.
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Figure 5-7. Steady-state dimensionless concentrations C/C, downstream of a finite line
source of width b =10 cm.
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Figure 5-8. Steady-state concentration profiles downstream of a finite line source of
width b =10 cm.
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5.3.4 Comparison of Continuous Source Models

e Point Source Gaussian Source == Finite Line Source

N
2.5

x [m]

Figure 5-9. Steady-state centerline concentration profiles for Gaussian, finite line, and
point sources.

Given the source width and standard deviation used for the finite line and
Gaussian sources, respectively, Gaussian source model concentrations were multiplied by
a factor of 4/(2n)"0.5 = 1.596 in comparing the three source models to yield the same
average source strength as the finite line source. With this adjustment of the Gaussian
source concentrations, centerline concentrations generated by the three source models
(point, Gaussian and finite line) converged as distance from the source increased. At 2 m
from the source, concentrations from the three sources were closely matched.

In the immediate vicinity of the source, the point and Gaussian source models
generated concentrations much greater than the concentration injected. This behavior was
most pronounced in the point source model, which generated infinite concentrations at
the source. Unlike the point and Gaussian source models, however, concentrations
predicted by the finite line source remained close to the injected concentration for a short

distance from the source before beginning to decline.
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Though the three source models generate comparable concentrations at larger
distances from the source, the point and Gaussian source models are not appropriate for
short distances from the source as they do not generate reasonable concentrations at these
distances. Therefore, at small distances downstream of the source (relative to source
thickness), the finite line source model should be used. Further, the results for the finite
line source also show that the use of the infinite line source model (Equation 4-6) was

appropriate for analysis of the pore water data presented in Chapter 4.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK
6.1 Blended Fuel Releases

The behavior of the methanol- and ethanol-blended fuels was notably impacted by
the volume percent of alcohol in the fuels. Over the course of the weeklong experiments,
several common characteristics were observed among the methanol and ethanol blends:
spreading of the NAPL source zone, redistribution of NAPL within the source zone,
phase separation of the alcohol and depression of the capillary fringe.

After the fuel injection and initial generation of the NAPL source, the area of the
source zone increased with time. This expansion of the source area increased with
increasing alcohol content. The final spill areas measured one week after injection were
higher for the ethanol blends than for the equivalent methanol blends at each volume %
of alcohol tested. Correspondingly, final saturation measured one week after injection
decreased with increasing alcohol content in the fuels.

As the areal extent of the NAPL sources increased, the NAPL within the source
zones was redistributed. For the high alcohol-content blends (85 % v/v alcohol), high
saturations of NAPL were present at the edge of the source zone, surrounding a lower-
saturation center. With the lower ethanol-content blends (E15, E25 and E50), a low
saturation middle region was formed between higher-saturation regions of the source
above and below. A similar lower-saturation middle region was observed only in the M50
injection, however.

Further, these NAPL distributions may also impact the level and duration of pore-
water concentrations emanating from a NAPL source. The low overall source zone

saturation for the high alcohol content fuels (85% v/v alcohol) indicated good flow
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through the source and thus initially potentially greater, but shorter-lived BTX pore water
concentrations, while the higher overall saturation of the low alcohol-content fuels
indicated reduced flow through the source zone and potentially lower, longer-lived BT X
concentrations in the pore-water downstream of the source.

Because of the alcohols’ preference to partition into the aqueous phase, surface
tension of the aqueous phase was reduced, leading to depression of the capillary fringe.
This capillary fringe depression was observed in all of the injected blends with greater
depression occurring with the higher alcohol-content fuels. Some capillary fringe
recovery was observed over the experiments’ duration for the higher alcohol content
fuels.

6.2 Pore Water Impacts

The larger 75-mL M15 release behaved similarly to the smaller 30-mL M15
release based on the visualization data. In the pore-water concentration data collected,
however, a lag was observed in the breakthrough of hydrocarbons at the sampling ports
directly downstream of the injection, likely due to temporary initial capillary fringe
depression as a result of the large quantity of methanol present. Fitting the hydrocarbon
pore-water concentration data to a plume transport model yielded characteristic parameter
values for the release. Theoretical equilibrium aqueous concentrations compared well
with those inferred from the experiments. However, experimental source depletion rates
were much greater than expected based on theoretical calculations, indicating that flow

bypassed a significant fraction of the remaining NAPL source.
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6.3 Source Modeling

Point, Gaussian and finite line sources were compared for conditions
approximating those of the fuel release experiments. Concentration profiles generated by
all three sources converged around 2 m from the source. However, only the finite line
source was applicable at short distances from the source.
6.4 Recommendations for Future Work

The work presented here illustrates the behavior of methanol- and ethanol-
blended fuels of varying alcohol content. It may be extended through further
investigation of pore-water hydrocarbon concentrations downstream of the source as well
as investigations of the release characteristics of other fuel oxygenates.

(1) Downstream Pore-water Concentrations

The pore-water measurements taken from the 75-mL M15 release demonstrated a
lag in the breakthrough of the hydrocarbon components, most likely due to rebound in the
height of the capillary zone after methanol was depleted. By collecting pore-water
concentration measurements for fuel blend releases with higher methanol contents, this
behavior may be further elucidated and pore-water impacts for varying blends can be
quantified. In addition, measurements of the effect of bypassing of NAPL on longer-term
hydrocarbon (BTX and TMB) pore-water impacts for fuel blends of higher alcohol
contents are needed.

(2) Other Fuel Oxygenates

With increasing demand for oxygenated fuels worldwide, interest in other

oxygenates will increase. These include other alcohols such as isobutanol. Understanding
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the environmental impacts of these alternative oxygenates will be important for

management of spills associated with these alternative fuels.
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APPENDIX A: METHANOL RELEASE VISUALIZATION — ADDITIONAL

DATA

Figure A.1. Visualization of 30-mL M15 release in the capillary zone at various times. 70
Figure A.2. Visualization of 30-mL M25 release in the capillary zone at various times. 71
Figure A.3. Visualization of 30-mL M50 release in the capillary zone at various times. 72
Figure A.4. Visualization of 30-mL M85 release in the capillary zone at various times. 73

Figure A.5. Visualization of 75-mL M15 release in the capillary zone at various times. 74
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(a) after injection (b) 1h (c) 6h (d) 12h

(e) 1d (f) 2d (g) 4d (h) 7d

Figure A.1. Visualization of 30-mL M15 release in the capillary zone at various times.
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(a) after injection (b) 1h (c) 6h (d) 12h

ol -y ' =i

(e) 1d (f) 2d (g) 4d (h) 7d

Figure A.2. Visualization of 30-mL M25 release in the capillary zone at various times.
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(a) after injection (b) 1h (c) 6h

(e) 1d (f) 2d (g) 4d (h) 7d

Figure A.3. Visualization of 30-mL M50 release in the capillary zone at various times.
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(a) after injection (b) 1h (d) 12h

(e) 1d (f) 2d (g) 4d (h)

Figure A.4. Visualization of 30-mL M85 release in the capillary zone at various times.
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(d) 12h

(e) 1d (f) 2d (g) 4d (h) 7d

Figure A.5. Visualization of 75-mL M15 release in the capillary zone at various times.
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APPENDIX B: 75-ML M15 RELEASE POREWATER MEASUREMENTS

Table B.1. Porewater measurements from Port 1 (Figure 4-14). ......cccoccevvevvivenieennnnnnns 76
Table B.2. Porewater measurements from Port 2 (Figure 4-15). .....ccccoocvvvevviieniiennennnns 77
Table B.3. Porewater measurements from Port 3 (Figure 4-16). .......ccoccevvevvnieniennennnnns 78
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Table B.1. Porewater measurements from Port 1 (Figure 4-14).

Concentration [mg/L]

Sample # Day MeOH Benzene Toluene Xylene 1,2,4-TMB
1 0.00 94.252
2 0.51 1538.703
3 1.80 2100.220
4 2.80 1715.512
5 3.71 532.239
6 4.76 164.461
7 6.05
8 6.72 77.997
9 7.70 66.162
10 9.04 13.258 8.669 11.449 4.004
11 10.73 40.173 45.027 41.874 32.885 29.775
12 11.89 0.000 27.411 28.772 26.828 23.438
13 13.05 51.005
14 13.70
15 14.69 38.182 41.836 30.468 28.865
16 17.84
17 18.79
18 19.73 27.900 35.627 25.714 23.241
19 20.81
20 21.81
21 24.69 23.642 38.930 27.974 23.536
22 28.67 10.932 24.351 23.065 23.256
23 31.72
24 32.77
25 33.71 15.450 37.010 35.080 32.685
26 34.75
27 38.78 21.812 24.397 27.340
28 42.73 3.834 33.580 34.580 36.867
29 45.81 5.724 34.041 36.882 41.762
30 47.77 21.760 16.739 17.757
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Table B.2. Porewater measurements from Port 2 (Figure 4-15).

Concentration [mg/L]

Sample # Day MeOH Benzene Toluene Xylene 1,2,4-TMB
1 0.00 53.264
2 0.51 13.696
3 1.80 1808.379
4 2.80 2981.568
5 3.71 3071.013
6 4.76 1954.823
7 6.05 1658.885
8 6.72 492.586
9 7.70 350.131
10 9.04 113.755 12.057
11 10.73 56.276 33.395 30.573 33.781 23.444
12 11.89 0.000 39.972 38.213 27.870 27.216
13 13.05 67.914
14 13.70
15 14.69 23.293 25.387 19.499 21.385
16 17.84
17 18.79
18 19.73 38.213 44870 32.068 30.220
19 20.81
20 21.81
21 24.69 29.583 46.014 35.172 35.046
22 28.67 19.825 40.097 33.562 35.610
23 31.72
24 32.77
25 33.71 11.004 24.489 22.753 25.976
26 34.75
27 38.78 16.910 37.749 23.287 22.781
28 42.73 13.753 31.852 30.244 33.674
29 45.81 11.874
30 47.77
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Table B.3. Porewater measurements from Port 3 (Figure 4-16).

Concentration [mg/L]
Sample # Day MeOH Benzene Toluene Xylene 1,2,4-TMB

1 0.00 55.966

2 0.51 14.752

3 1.80 34.597

4 2.80 68.233

5 3.71 59.026

6 4.76 0.000

7 6.05 41.994

8 6.72 43.932

9 7.70 56.180

10 9.04 24.357

11 10.73 23.223

12 11.89 8.942 11.020 11.928

13 13.05 40.135

14 13.70

15 14.69 12.626 16.907 14.072 15.347
16 17.84

17 18.79

18 19.73 12.893 18.581 12.831 11.969
19 20.81
20 21.81
21 24.69 15.746 12.788 12.327
22 28.67

23 31.72

24 32.77

25 33.71 10.235
26 34.75

27 38.78

28 42.73

29 45.81
30 47.77
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APPENDIX C: CAPILLARY PRESSURE-WATER SATURATION
MEASUREMENTS

Figure C.1. Pressure head-saturation profile for Ottawa sand using a saturated packing
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The capillary pressure-water saturation curve was measured in the larger (50 cm x

55 cm x 1.5 cm) cell. The curve is given in Figure C.1.

Pressure Head (cm water)
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10 1

0.3
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Figure C.1. Pressure head-saturation profile for Ottawa sand using a saturated packing
method (Zhang 2014).
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