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ABSTRACT

Organic liquids that are essentially immiscibie with water migrate through the subsurface
under the influence of capillary, viscous, and buoyancy forces. These tiquids originate from the
improper disposal of hazardous wastes, and the spills and leaks of petroleum hydrocarbons and
solvents. The laboratory experiments described in this study examined this migration, with a
primary focus on the behavior of the residual organic liquid saturation, referring to that portion of
the organic liquid that is trapped by capillary forces in the soil matrix. The residual organic liquid
saturation often constitutes the major volume of the organic liquid pollution, and acts as a
continual source of dissolved or vapor phase organics. ‘

Three experimental methods were empioyed. First, quantitative displacement experiments
using short soil columns were performed to relate the magnitude of residual organic liquid
saturation to fluid properties, the soil, and the number of fiuid phases present. Second, pore and
blob casts were produced by a technique in which an organic liquid was solidified in place within a
soil column at the conclusion of a displacement experiment, allowing the distribution of fiuid
phases within the pore space to be observed. The columns wers sectioned and examinad under
optical and scanning electron microscopes. Photomicrographs of these sections show the
location of the organic phase within the porous soil matrix under a variety of conditions. And
third, stched glass micromodels were used to visually observe dynamic multi-phase
displacement processes in pore networks. Fluid movement was recorded on fim and video
tape. Many of the important issues in multi-phase flow were visited in this study, but none of
these issues were explored as exhaustively as they might have been. Corresponding to this
broad-brush approach, the focus of the experiments was on flow visualization of immiscible
displacements in order to gain a fundamental understanding of the operative forces at work in
controling multi-phase flow.

From these experiments, it was found that the spatial distribution and saturation of organic
liquid within the porous media depends on a variety of factors, including: (1) the soil structure
and heterogensity; (2) the number of fluid phases present; and (3) the fiuid flow rates.
Photomicrographs on a pore scale show that the residual organic liquid appears as blobs, films,
rings, and wedges of microscopic size, depending on these factors. The size, shape, and spatial
distribution of the residual organic liquid affects the dissolution of organic liquid into the water
phase, volatilization into the air phase, and the adsorption and biodegradation of organic
components. These four processes are of concern for the prediction of pollution migration and
the design of aquifer remediation schemes.

Large amounts of residual organic liquid are trapped as isolated biobs in the saturated zone.
Smaller amounts are retained as interconnected fitms, rings and wedges in the vadose zone. In
the saturated zone, residual saturations are largely independent of fluid properties. Residual
saturations are very sensitive to soil textural heterogeneities because of the interplay between
capillarity and the heterogeneities. A mathematical model that used capillarity and fiow velocities
to predict two-phase flow through two media shows why this is so. Good qualitative agreement
between the predictions of the mathematical mode! and experimental results was achieved.
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Observations of two-phase displacements in micromodels showed that for typical aquifer fiow
velocities, the force exerted by capillarity was sufficient to cause by-passing of organic liquid in
coarser regions even though these regions were more permeable.

The movement of organic liquid through the vadose zone is more compiex than organic
liquid movement in the saturated zone, especially because of the tendency for many organics to
spread. The thin films formed between the the air and water phases appear to be an important
mechanism of organic liquid advance. These films also maintain the continuity of the organic
phase during drainage, explaining in part, the lower residual saturations found in the vadose
zone. The presence of a third phase along with the comparatively larger buoyancy forces and
smaller capillary forces found in the vadose zone aiso contribute to lower residual saturations.
Finally, the formation of films exposes a large organic liquid surface area to the gas phase,
making soil venting of organics in the vadose zone an attractive remediation strategy.
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NOTATION

Arabic:

= area
= normalized area

= curvature of a fluid-fluid interface

= diameter

= acceleration of gravity

= height of fluid in a buret

= hydraulic gradient

= hydraulic conductivity

= intrinsic (absolute) permeability of soil
= length

mass

= Bond number

ty

= capillary number

= porosity

= pressure

= volumetric flow rate

= flux rate

= net flux rate

= volumetric retention of residual organics in soils
= radius
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= saturation; or,
= spreading coefficient

t = time

V= volume

V, = pore volume

W = USBM wettability index

v = velocity

Z = elevation above a datum

Greek:

a = T-test parameter for the probability of a false positive
§ = displacement ratio of the Amott test
A = change in a given parameter

¥ = surface tension

€ = density

@, = soil bulk density

0; = particle density of a soil
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o = interfacial tension
¢ = contact angle

= viscosity
Superscripts:
* = critical
Subscripts:
a = air phase

ao = air-organic

aw = air-water

capillary; or,

= curvature (when associated with a radius)

o]
1

nw = non-wetting phase
o = organic phase
ow = Organic-water
r = residual; or,
= relative (when associated with a permeability)
s = soil
t = pore throat; or,
= capillary tube
w = water phase; or,
= wetting phase
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CHAPTER 1
INTRODUCTION

NATURE OF THE PROBLEM

Many hazardous waste sites, and most leaking underground storage tanks, involve
non-aqueous phase organic liquids (e.g., Burmaster and Harris, 1982; EPA, 1980; Feenstra and
Coburn, 1986; Jercinovic, 1984; Maugh, 1979). Usually released at or near the surface, these
organic liquid contaminants move downward through the vadose zone toward the water table.
Migrating as a liquid phase separate from the air and water already present in the vadose zone,
some of the organic liquid is immobilized within the pore space by capillary forces. The
remainder passes on, and if the volume of organic liquid is large enough it eventually reaches the
water table. There the organic liquid spreads laterally along the water table if it is less dense than
water. In instances involving an organic liquid more dense than water, it continues to move
downward into the saturated zonse. In both cases the organic liquid migrates down-gradient with
the ambient groundwater flow. As it moves into the water saturated pores beneath the water
table more organic liquid is immobilized by capillary forces (e.g., de Pastrovich et al., 1979;
Schwille, 1967, 1988). In the saturated zone the immobilized organics remain as small,
disconnected pockets of liquid, sometimes called ‘blobs’, no longer connected to the main body
of organic liquid.

The immobilized volume is called the ‘residual oil saturation’ in petroleum reservoir
engineering, and is measured as the volume of organic liquid trapped in the pores relative to the
voiume of the pores. Organic liquid at residual saturation can occupy from 15% to 50% of the
pore space in petroleum reservoir rocks under conditions that are equivalent to those in the
groundwater saturated zone (Melrose and Brandner, 1974). At a spill or hazardous waste site the
entire volume of organic liquid can be exhausted by this immobilization, although if the volume of
organic fiquid is large enough, it continues to migrate down-gradient where it becomes a threat
to the satety of drinking water or agricultural water supplies (Schwille,1967,1981; de Pastrovich
et al., 1979),

The organic liquid phase is sometimes referred to as being immiscible with water and air.
Although that expression is used here, it is important to realize that small concentrations of the
various components of the organic phase volatilize into the air phase and dissolve into the water
phase. £ ‘halo’ of dissolved organic components precedes the immiscible phase in ijts
migration. Even when the so-called immiscible organic liquid has been immobilized by capillary
trapping, the passing groundwater dissolves some of the residual. In effect, the organic liquid
phase acts as a continuing source of dissolved organic poliutants. Similarly, in the vadose zone,
the residual organic liquid that volatilizes into the air phase migrates by gaseous diffusion and
advection, becoming a source of organic components to air or water poliution, and perhaps a
possible explosion hazard. in large spilis and leaks it is apparent that most of the liquid organic
remains as a liquid, some is volatilized and a little is dissolved. However small in volume, the



volatilized or dissoived components are usually the ones that cause probiems. The liquid organic
phase acts as a reservoir of additional contaminants to replenish the air and water phases with
dangerous and/or toxic material. Clearly, the source of the dissolved or gaseous organic
constituents — the liquid organic phase — must be removed or isolated in order to restore a
polluted aquifer.

There is no wholly effective mechanism to remaove the residual organic liguid. Waiting for the
residual to dissolve could take several decades. in the vadose zone, induced volatilization may
help reduce the residual volume for lighter organics, but is not effective for heavier ones (Burris
et al., 1886). Engineered removal is usually attempted hydraulically, by sweeping the organic
liquid out with water, or biologically, by encouraging the consumption of the organic constituents
by the soil microbial community. This last process, biodegradation, is the focus of current
research and several recent restoration efforts. It is seldom tried alone, for the microbes
generally consume only the dissoived organics. Moreover, some organic chemicals are
extremely resistant to biodegradation, PCBs, for example, biodegrade very slowly, or not at ali in
the subsurface (J.R.Roberts et al., 1982). Hydraulic sweeps remain a major component of any
attempt to remove organic liquids although, commonly, hydraulic sweeps fail to remove all the
liquid organic phase, often leaving a significant quantity of residual organic liquids behind (Wilson
and Conrad, 1984). There is, of course, another removal option often used for small pollution
events: excavate the site and dispose of or treat the contaminated soil. For large sites this
alternative is unfeasibie. Since there is no panacea for the removal of organic liquids,
containment is often adopted as part of a restoration strategy. Hydraulic containment (e.g.,
Wilson, 1984), often in combination with structural barriers such as a slurry wall, is becoming
standard practice.

SCOPE OF PREVIOUS WORK

Development of improved technologies to clean up organic pollutants depends in large part
on developing an ability to understand and predict the migration of liquid, vapor, and dissolved
organics. Liquid organics move through a water and sometimes air filled porous soil, as a
separate phase, under the influence of viscous, gravity, and capillary forces. Dissolved organics
move in the water phase and are subject to advection, dispersion, biodegradation, and
adsorption onto soil particles. Organic vapors in the air phase are subject to similar mechanisms.
A few of these major transport mechanisms are fairly well understood today, principally those
associated with the behavior of dissolved organics. McCarty et al. (1981) and P. V. Roberts et
al. (1982) have reviewed the progress of this research.

In contrast, the organic liquid phase transport mechanism has been virtually ignored by the
research community in the United States, aithough it has been the subject of empirical studies in
Europe (e.g., Schwille, 1967, 1981, 1984, and 1988; van Dam, 1967). Recently, however,
American researchers have begun obtaining some laboratory results. Convery (1979) ran
gravity drainage experiments on a long column to relate organic liquid retention in the vadose
zone with grain size and sorting. Eames (1981) used a short soil core centrifuging method to
Mmeasure residuals in the vadose zone. Eckberg and Sunada (1984), and Ferrand et al. (1986)
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used gamma radiation attenuation and bulk soil electrical resistivity to measure three-phase fluid
saturations at various times and at various elevations above a water table following a simulated
petroleum spill. The experimental procedure allowed a petroleum ‘spill’ to be tracked as it
moved through the vadose zone to the water table. Cary et al., (1989) performed experiments
to test the ability of multi-phase flow theory to predict the infiltration and redistribution of wetting
and non-wetting fluids. They met with limited success. Lenhard and Parker (1988c) used
theoretical three-phase saturation-pressure relationships to estimate the volume of oil in soiis
given observed fiuid ievels in monitoring wells.

Some simple numerical simulations of multi-phase transport have been developed. These
focus on immiscible transport of continuous phases. Residual organic liquids, trapped by
capillary forces, are often ignored, although they are sometimes treated as a source of
dissolved contamination. This research effort mirrors the state of the art of petroleum
engineering’s ‘black oil' models. A few researchers (notably Baehr and Corapciaglu, 1984 and
1987, Corapciaglu and Baehr, 1987; Baehr, 1987; Abriola and Pinder, 1985a,b; and Pinder and
Abriola, 1986) are looking into interphase transfer, including the volatilization and solution of
organic components, using computer simulations. This again reflects the state of the art in
petroleum engineering, where compositional models are used to examine enhanced recovery
technigues.

Parker et al. (1987) have proposed a model to estimate the functional relationships between
fluid pressures, saturations, and permeabilities of two- or three-phase porous media systems,
and these functional relationships have been impiemented in a multi-phase numerical flow modei
{Kuppusamy et al., 1987). The model has since been extended to include the effects of
hysteresis and non-wetting phase trapping (Parker and Lenhard, 1987; and Lenhard and Parker,
1987a). The results of concurrent laboratory work were used to validate the mode! (Lenhard and
Parker, 1987b,19882a,1989; and Lenhard et al., 1988).

Petroleum engineering’s long history of research into improving recovery from petroleum
reservoirs may be applied to rehabilitating fresh-water aquifers polluted by organic liquids.
Through over forty years of experimentation, petroleum engineering has amassed considerable
expertise in multi-phase transport and the mechanics of residual organic phase trapping and
mobilization, To date, relatively little of this technology has been applied to recovering organic
hazardous wastes and petroleum hydrocarbons released in the near-subsurface environment.
Much of the petroleum literature on residual oil saturation is reviewed in a series of papers by
Anderson (1986a,b;1987a,b).

MOTIVATION FOR THIS STUDY

This study focuses on the behavior of the residual organic liquid saturation, because it often
constitutes the major volume of the organic pollution (Wiison and Conrad, 1984), and acts as a
continua! source of dissolved or vapor phase organics. In particular, there is a need io
understand how the residual organic liquid is trapped and how it can be hydraulically mobilized or
Otherwise removed. As shown in the results chapters, the residual organic liquid appears to form
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blobs, films, and rings of microscopic size, depending on the presence of other fiuids, the pore
geometry, the surface wetting of the solids, and soil heterogeneity. The size, shape, and spatial
distribution of these blobs, films, and rings affect the dissolution of organic liquid into the water
phase, volatilization into the air phase, and the adsorption and biodegradation of organic
components. A paucity of experimental results regarding these issues makes site
characterization conjectural, predictive modelling unreliable, and design of remediation
programs for organic liquid contamination sites less effective than might be possible. This study
contributes to understanding the nature of multi-phase fiow in a near-subsurface environment
through a series of related laboratory studies.

OBJECTIVES

The goal of this research has been to examine how organic liquids that are immiscible with
water move in the subsurface. The overall objective has been to better understand the basic
physical mechanisms controlling the movement of organic liguids in soils and groundwater.
Emphasis was placed on reiating the various mechanisms to the prediction of contaminant
movement and to remediation. The magnitude and configuration of the residual saturation was
of special interest because immobile organic liguids can act as a long-term source of
contaminants to the groundwater. This broad goal was broken down into three categories of
specific research objectives.

These three categories constitute the framework used for systematic study of multi-phase
flow phenomena (Figure 1). The simplest category, two-phase flow through homogensous
media, formed the ‘base case' of the study. More complex cases, two-phase flow through
heterogeneous media and three-phase flow through homogeneous media were also studied
allowing for direct comparison of heterogeneous versus homogeneous, and three-phase versus
two-phase flow regimes. incidentally, the three conceptual boxes shown in Figure 1 correspond
to each of the three resuits chapters. Three-phase fiow through heterogeneous media was not
studied because of its extreme complexity, but study of that topic could serve as a logical
extension of this work.

~ The specific ressarch objectives are given first for some general objectives and then for the
three main categories of research:

® Conduct experiments that quantify endpoint saturations in soils — especially residual
organic iiquid saturations;

® Conduct experiments that permit the visualization of multi-phase fiuid flow and capillary
trapping, and record the experiments on film and videotape; and,

® Use visualization experiments to observe multi-phase displacement behavior and the
effect of this behavior on the magnitude and configuration of the endpoint saturations.
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Figure 1. The framework used in this study for the systematic study of multi-phase flow
phenomena.
r Zone — Hom n

® Compare residual saturations for various organic liquids, testing the hypothesis that
residual saturation is independent of organic liquid composition for expected conditions in
hydrology;

® Compare residual saturations for various soils, testing the hypothesis that residual
saturations should be similar in soils that have similar texture; and,

® investigate how the rate of initial invasion of organic liquid may influence irreducible water
saturations, and consequently, residual organic liquid saturations.

ne — Heterogen

® Observe displacements through various types of heterogeneities and compare the results
to one other and to base case to test the hypothesis that soil heterogeneity can dominate
displacement and trapping mechanisms;

® Measure residual saturations in heterogenecus soils to test the hypothesis that the
presence of heterogeneities can significantly alter the magnitude of the residual organic
liquid saturation;



e Investigate the effect of flow rate on immiscible displacement behavior for heterogeneous
media, and consequently, the impact of this displacement behavior on the residual organic
liquid saturation; and,

e Develop a theoretical model of muiti-phase flow and capillary trapping in heterogeneous
media based on the interplay of viscous and capillary forces.

Yadose Zone

® Measure residual saturations in a soil and compare to the base case to test the hypothesis
that residual organic liquid saturations are significantly lower in the vadose zone than they
are in the saturated zone;

e Observe three-phase dispiacements and compare the results to those of the base case to
test the assumption that the trapping mechanisms and the ultimate distribution of the
residual organic liquid saturation in the vadose zone are profoundly different than those
observed in the saturated zone; and,

¢ Compare the results of visualization experiments for spreading and non-spreading organic
liquids to test the assumption that non-spreading organic liquids behave differently than
spreading organic liquids.

EXPERIMENTAL APPROACH

The problem was approached experimentally. in three ways;

1. Quantitative displacement experiments using short columns were performed to relate
the magnitude of residual organic liquid saturation to fluid and soil properties, and to the
number of fluid phases present.

2. Pore and blob casts were produced for saturated zone conditions by a technique in which
the organic liquid was solidified in place within a soil column at the conclusion of a
displacement experiment, aliowing the distribution of organic liguid to be observed. The
polymerized organic phase was rigid and chemically resistant. Following polymerization,
the water phase was removed and replaced by an epoxy resin. The solid core, composed
of soil, solidified styrene (the organic phase), and epoxy resin (the water phase), was cut
into sections to show the organic liquid phase in relation to the soil and the water phase.
The sections were photographed under an optical microscope. Although polymerization
only gave a ‘snapshot’ of the displacement process, it offered the advantage of seeing
organic liquid in its ‘natural habitat’ (i.e. within a soil) as compared to that observed in
etched glass micromodels. Sometimes, instead of replacing the water with epoxy resin,
the solid matrix of the soil column was dissolved with hydrofiuoric acid, leaving only the
hardened organic Ii‘quid . The solidified organic phase was then observed under a scanning
electron microscope (SEM) and photographed. For vadose zone conditions, styrens and
epoxy liquids were sequentially applied, drained and hardened in an attempt to simulate
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proper fluid distributions above the water table. The resulting pore casts were
photographed under an optical microscope.

3. Etched glass micromodels were used to observe dynamic multi-phase displacement
processes. Micromodels provide two-dimensional networks of three-dimensional pores.
They offer the ability to actually see fluids displace one another in both a bulk sense and
also within individual pores. Although displacements are known to be dependent upon a
variety of factors, this study describes micromodsl experiments that focused primarily on
three: (1) the fluid fiow rate, (2) the presence of heterogensities and, (3) the number of
fluid phases present. The experiments were photographed and videotaped.

Also, to interpret the experiments in heterogeneous material, a new but simple theorstical
model of multi-phase flow and capillary trapping was developed. The model predicts trapping
based on the interplay of viscous and capillary forces.

These experimental methods have been adapted from methods developed in the petroleum
industry to study multi-phase flow phenomena. However, this study is distinguishable from a
petroleum engineering study because in many cases the experiments were designed specifically
to observe the flow behavior of organic liquids in groundwater aquifers. But this study is
especially distinguishable from petroleum engineering studies because the results have been
interpreted in terms of organic contaminant movement through groundwater aquifers.

This study could be characterized as rather ‘broad brush’. With the exception of the
wettability issue, many of the important issues in multi-phase fiow were visited, but none of these
issues were explored as exhaustively as they might have been. This was not intended to be a
self-contained study of narrow focus, but more of a ‘jumping off point' for further
experimentation. Correspondingly, the focus of the experimental approach was on flow
visualization — direct observation — of immiscible displacemaents in order to gain a fundamental
understanding of the operative forces at work in controling multi-phase flow. The fiow
visualization results have suggested lines of further inquiry, and many of these are presented as
recommendations for future work.

This was a iaboratory study. Of course the advantage of laboratory experimentation is that it
offers good control (simplification) of the immiscible flow systems along with the ability to
observe the displacements in sufficient detail to achieve an understanding of the operative
mechanisms controlling flow. Since the ultimate interest is the prediction of organic contaminant
migration, the challenge of this study has been to generaiize or ‘up-scale’ the insights gained
from laboratory experimentation to suggest implications for contaminant movement through
groundwater aquifers.

ORGANIZATION OF THIS DISSERTATION

Chapter 2 provides some background in multi-phase and capiliary trapping in porous rmedia
and helps to put the present study in context. Following this introductory chapter, are four
chapters (3 through 6) that describe fluid and soil characterizations, and the experimental
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methodology used for each of the three experimental approaches used in this study. These
chapters contain the detailed information that is necessary to future investigators wishing to
verify or extend the results of this investigation. The reader more concerned with results than
methods can probably skip them. Experimental resuits and discussion are presented in Chapters
7 through 9. Chapters 7 and 8 describe experimentai results for saturated zone conditions. In
chapter 7, experimental results exploring the relatively simple case of two-phase
(organic/water) flow through homogeneous porous media are presented. These results form the
base against which other results are compared. Results from experiments designed to examine
the somewhat more complex case of organic liguid movement through heterogeneous media is
presented in Chapter 8. Chapter 9 describes experimental results examining organic liquid
movement through the vadose zone. These three results chapters contain a large number of
photomicrographs illustrating multi-phase flow and the eventual capiliary trapping of
organic-phase contaminants. The final chapter summarizes the conclusions of this study and
gives recommendations for future work.



CHAPTER 2
BACKGROUND

This chapter deals with three topics — trapping, mobilization, and dissolution. These topics
are all important in understanding the flow and transport of organic contaminants in the
subsurface. The topics covered in this chapter form the foundation upon which the present study
has been built. All the discussions and examples presented in this chapter deal with two-phase
systems. Later, in the results chapters, the basic principles outiined here will be extrapolated to
discuss implications to organic contaminant migration and remediation in groundwater aquifers,
and to explain the more complex flow behavior of two-phase fiow through heterogeneous media
(Chapter 8), and three-phase flow (Chapter 9).

THE BASICS

To help provide a framework for the discussions on trapping and mobilization, it might be
useful to briefly review the concepts of interfacial tension, wettability, and capiliarity.

Interfacial Tension (Adamson, 1982)

in the interior of a homogeneous fluid, a molecule is surrounded on all sides by other like
molecules exerting cohesive forces between one another. At the interface between two
immiscible fluids however, there are few if any like molecules across the interface. A molecule at
the interface is attracted to molecules of its own phase by a force greater than the force
attracting it to molecules of the immiscibie phase across the interface. The cohesive forces
acting on a molecule inside a fluid phase, and on a molecule at the interface (liquid-gas or
liquid-liquid) between fiuid phases are illustrated in Figure 2. This unbalanced force draws
molecules along the interface inward and results in the tendency for the fiuid-fluid interface to
contract. If the interface is stretched, it acts like an elastic membrane. The restoring force
seeking to minimize the interfacial area between the two immiscible fluids, is called the
interfacial tension, ¢ . When encountered between a liguid and a gaseous phase, this same
force is called the surface tension, 7.

o

Figure 3 iliustrates a possibie configuration of two immiscible fiuid phases in contact with the
solid phase (walls) of a cylindrical tube. At the line of contact where the two fluid phases meet
the solid phase, both the cohesive forces within the fluids and the adhesive forces between the
solid and each of the fluids are at work. Suppose that one of these fluid phases is water (fluid 1),
and the other is an organic liquid (fluid 2). I the adhesive forces between the solid and the water
phase are greater than the cohesive forces inside the water itself, and greater than the forces of

attraction between the organic phase and the solid, then the solid-water contact angle, 6, willbe
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air
the non-wetting fluid

P,
free surface

o

Figure 4. Capillary rise in a slim tube.

ditference across the fluid-fluid interface. This pressure difference is called the capillary
pressure:

P. = Ppy - P, =0aC = 20 _ 20c0s¢ (1)
Te r,
where: P, = capiliary pressure
P, = pressure in the wetting phase (fluid 1 in the figure)
Pm. = pressure in the non-wetting phase (fiuid 2 in the figure)

o = fluid-fluid interfacial tension

C = curvature of the fluid-fluid interface

re = radius of curvature _

6 = contact angle, measured through the wetting fiuid

T

radius of capillary tube

The most common example given to illustrate capillarity is that of the capillary rise of water in
a straight thin tube, or straw (see Figure 4). The pressure difference between the wetting and
non-wetting fluid, at the interface inside the tube, causes the water to rise into the tube, above
the level of the free surface.

These same forces operate on the pore scale for multi-phase flow in saturated, and
unsaturated, porous media. The capillary fringe is a notable example. Also, the interplay of the
various wettabilities and interfacial tensions of different fluids, and the capillary forces they give
rise to, leads to trapping of fiuids within pores, as the fluids migrate through, or drain out of, a
System. These capillarity induced trapping mechanisms are discussed below.
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TRAPPING MECHANISMS

Three major forces — capillary forces, viscous forces, and gravity or buoyancy forces —
control the movement of organic liquids in the subsurface. Capillarity is the result of the interplay
of cohesive forces within each fluid phase, and the adhesive forces between the solid phase and
each of the fiuids. The capillary force is proportional to the interfacial tension at the fluid-fluid
interface and the strength of fiuid wetting to the solid surface, and inversely proportional to the
pore size. Viscous or dynamic forces are proportional to the permeability and to the pressure
gradient, while buoyancy is a gravitational force proportional to the density difference between
the fluids.

For two-phase fiuid flow in an aquifer at typical aquifer flow rates, capillary forces often
dominate over viscous and buoyancy forces. The dominance of capillarity results in the trapping
of organic liquid blobs. Residual organic liquid appears to be trapped within a porous media by
either or both of two major mechanisms: snap-off and by-passing (Mohanty et al., 1980: Chatzis
et al., 1983; Wilson and Conrad, 1984).

Snap-off

Snap-off occurs as non-wetting fluid in a pore is displaced from a pore body into a pore
throat. The mechanism strongly depends on wettability and aspect ratio — the ratio of pore-body
diameter to pore-throat diameter (Wardlaw, 1982).

Consider the case of water displacing an organic liquid from a tube with a non-uniform pore
diameter, as shown in Figures 5 and 6. The walls of the tube are smaoth and strongly water wet.
The water contact angle is acute, the water-organic liquid interface is curved, and the water
phase ‘wicks’ along the pore wall. In high aspect ratio pores, the pore throats are much smaller
than the pore bodies (Figure 5a and Figure 6). When the thin layer of water phase reaches the
exit pore throat, a large blob of organic liquid still remains in the pore (Figure 6). Snap-off occurs
as the water continues through the exit throat leaving behind the now disconnected singliet blob.
in a sequence of high aspect ratio pores, a singlet blob is trapped by snap-off in each pore
(Figure 5a) . Pores in a pack of uniform sized glass beads have a high aspect ratio, explaining the
prevalence for singlet blobs observed by Morrow and Chatzis (1982) and Chatzis et al. (1983).
For low aspect ratio pores, in which the pore throats are aimost as large as the pore bodies, the
organic fiuid can be completely displaced, as shown in Figure 5b.

Trapping is a function of wetting and contact angie as well as pore geometry. The combined
sffect of contact angle and pore geometry control the curvature of a fluid-fluid interface and
determine the potential for snap-off (Wardiaw, 1982). Figure 7 depicts an interface with a 90
degree contact angle passing from a pore throat through a high aspect ratio pore body with
smooth walls. The intermediate contact angle of S0° causes the curvature of the interface to
remain relatively small. As the interface reaches the exit throat, little organic phase remains in
the pore and no trapping occurs (wWardlaw, 1982) . In rough walled pores, there is probabiy some
trapping of the retreating phase in the asperities along the wall (see Figure 8).
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a. high aspect ratio pores (snap-off):
pore pore pore pore
body body body body
wetting non-wetting
fluid = fiuid
pore pore pore
throat throat throat
b. low aspect ratio pores (no snap-off):
wattin non-wetting
fid = fluid
Figure 5. Effect of pore aspact ratio on organic liquid trapping in a tube of non-uniform

diameter (after Chatzis et al., 1983).

6= 10° snap-off!

pore throat pore throat

flow -»= G ’ > flow

wetting fluid non-wetting fluid

pore body

Figure 6. Waetting fluid displacing a non-wetting fluid from a circular, high aspect ratio
pore under strongly wet conditions (after Wardlaw, 1882).
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/ LY
advancing fluid A retreating fluid

Figure 7.

pore body

One fluid displacing another from a circular, high aspect ratio pore, under
intermediate wetting conditions (after Wardlaw, 1982).

pore throat pore throat

- > . - flow
advancing fluid

Figure 8.

By-passing

retreating fluid
trapped in asperities

e,

pore body

Final condition after an advancing fluid displaced a retreating fluid from a
rough-walled pore under intermediate wetting conditions (after Wardiaw,
1982).

The pore doublet model has been used to describe trapping mechanisms on a microscopic
scale (Moore and Slobod, 1956; Chatzis and Dullien, 1983; and Chatzis et al., 1983). A pore
doublet consists of a tube which splits into two pores, one generally narrower than the other, and
then rejoins. The pore doublet concept is used here to describe organic phase trapping by the
mechanism referred to as ‘by-passing’.

Figure 9 depicts a wetting phase (water) dispiacing a non-wetting organic phase in a pore
doublet under several different circumstances. The pore walls are smooth and strongly water
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c¢) snap-off at top, by-passing below : Note high

aspect ratio
/ pore,

stage 1 stage 2 - stage 3 stage 4

STABLE
Figure 8. Sketches illustrating trapping mechanisms using the pore doublet model

(after Chatzis et al., 1983)

wet. Figure 9a demonstrates circumstances under which no trapping occurs. The advancing
water phase enters the narrower pore opening first (stage 1). In each pore, the total pressure
drop driving flow is the sum of the capillary pressure and the dynamic pressure drop caused by
flow (Moore and Siobod, 1956). For the pore doublet to have any physical meaning, the flow
rates (and dynamic pressure drop) should be low enough to approximate aquifer conditions. On
a pore scale, under such conditions, capillary forces are much larger than the dynamic viscous
forces. Capillarity then controls advance of the wetting front causing water to fill the narrower
pore (Chatzis and Duliien, 1983). The water-organic interface remains stable at the entrance to
the wider pore (stage 2). When the water reaches the downstream node (where the pores
rejoin), it forms a stable meniscus with the organic liquid because the cross-section at the
downstream node is greater than at the entrance to the wider pore. In instances where a stable
meniscus can be maintained at the downstream node, water can then push organic out of the
wider pore (stage 3). The menisci rejoin at the downstream node (stage 4). In this case, the
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water has displaced the organic liquid compietely from the pore doublet and no trapping has
occurred.

The displacement sequence for the pore doublet shown in Figure 9b illustrates the
by-passing mechanism of trapping. As before, the water enters the narrower pore first.
However, as water reaches the downstream node, it does not stop because no stable interface
is formed (Figure 9b, stage 2). The organic liquid in the wider pore has become disconnected
from the main body of organic liquid and is now unable to drain from the pore. This liquid has
become ‘by-passed’ by the advancing water (stage 3),

Figure Sc uses a pore doublet mode! to demonstrate both snap-off and by-passing trapping
mechanisms. Once again, water enters the narrower pore first (stage 1). Due to the high aspect
ratio in the narrower pore, snap-off occurs (stage 2). Water continues to move through the
narrower pore and through the downstream node. No stable meniscus is formed and organic
liquid in the wider pore is by-passed (stages 3 and 4).

While the pore doublet model allows the organic liquid to be by-passed in at most one pore,
in & porous medium the organic phase in several pores may be collectively by-passed leaving an
organic blob which extends over the several pores. In contrast, blobs trapped by snap-off extend
over one pore only. As pore aspect ratio decreases, the proportion of organic liquid trapped by
by-passing, relative to snap-off, increases, and blobs become larger and more compiex. Soil or
rock heterogeneity also encourages trapping through by-passing, as is discussed in Chapter 8
(see also Chatzis et al., 1983). Wettability, pore aspect ratio, and soil (or rock) heterogeneity
are important factors influencing trapping.

INFLUENCE OF WATER FLOW RATE ON RESIDUAL ORGANIC MOBILIZATION

Consider a homogeneous soil with a residual saturation of organic liguid. If the pressure
gradient and Darcy velocity of the water phase are increased sufficiently, some of the trapped
blobs begin to move because of an increase in the viscous force. This process is called
mobilization. The pressure gradient must be sufficiently high to squeeze the blobs through pore
throats. At the leading edge of the blab, organic liquid is displacing water (drainage), while at the
trailing edge water is displacing organic liquid (imbibition). The dynamic pressure difference
required to support mobilization is proportional to the difference in thess drainage and imbibition
capillary pressures (Melrose and Brandner, 1974).

A critical element in mobilization is the length of the biab in the direction of flow. For a fixed
dynamic pressure gradient the longer blobs are easier to mobilize, because a greater pressure
difference can be established across them. The amount of residual saturation reduction by
hydraulic mobilization can strongly depend on how the trapped organics are distributed on a pore
scale. If, for instance, many of the trapped blobs are relatively jong and complex ganglia formed
by by-passing, they can be more easily mobilized than if the majority of blobs are singlets
resulting from snap-off. Once mobilized, blobs do not always maintain their size. The larger
mobiiized blobs can break up into smaller blobs, with a significant fraction being only temporarily
mobilized (Chatzis et al., 1984). Also, as maving blobs collide with other blobs, the blobs may
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coalesce (Ng et al., 1978). If substantial coalescence occurs, a bank of mobilized organic liquid
may form. The factors controliing blob break-up and coalescence are not, as yet, well
understood.

Mobilization can be aided by a difference in density between the water and the organic liquid.
If the organic liquid is lighter than water, the blob will be buoyant and tend to rise vertically. if the
blob is heavier than water it will tend to sink. The vertical migration of the blob due to the density
difference is resisted by the capillary forces which trapped the blob in the first place. If the
hydraulic gradient can be aligned so that viscous and buoyant forces reinforce each other, their
combined force may be sufficient to induce mobilization.

There are many factors that influence this mobilization: the geometry of the pore network,
fluid-fiuid properties such as interfacial tension and density ratio, fluid-soil interfacial properties
which determine wetting behavior, the applied water phase pressure gradient and its alignment
with gravity (Morrow and Songkran, 1981}. When only two fluid phases are present these factors
can be incorporated into one of two dimensioniess numbers. The ratio of viscous forces to
capiliary forces is known as the capillary number, N. , while the ratio of gravity forces to capillary
forces is the Bond number, Ny:

k VP,
Ney = p (2)
Ap g r?
Ney = — — (3)
where: k = intrinsic (absolute) permeability of soil

VP, = water phase pressure gradient

o = interfacial tension between the fiuids
Ag¢ = density difference between fluids
g = acceleration of gravity

r = representative grain radius

The subscript 1 in N,, refers to the version of the dimensionless number. This model of the

capiliary number assumes that the hydrostatic forces are negligible. The ratio of forces
represented by the capillary number can also be given in terms of the Darcy velocity in the water
phase (see, e.g., Taber, 1981):

= 9w Hw

N
[ s

(4)

where: 9w = specific discharge (darcy velocity) of the water phase

b = viscosity of water

This version of the capillary number inherently accounts for the gravitational (hydrostatic) portion
of the driving force — the V(o, g z) term in the expansion of g, :

17



ko Kk
Guw = —= V(Puw+owugz) (5)

My

where: k. = relative permeability for the water phase

4

elevation of the point of interest above the datum

N, can be obtained from N, by adding in the gravity term and multiplying by the relative

permeability of water. Wilson and Conrad (1984) defined a related capillary number for
groundwater situations:

N, = kowegJw - K, Jo b (6)
o o
' . . Pw )
where: Jw = hydraulic gradient in the water phase, V +2z

Ow &

water-saturated hydraulic conductivity of the soil, f.M
MHw

K,

This definition of the capillary number does not contain the relative permeability built into (4), but
does contain the gravity term neglected in (2). When hydrostatics are negligible, (8} reduces to

(2).

The Bond number also has at least one other version. It can be given in terms of intrinsic
permeability instead of a characteristic grain size:

Ns, = i‘% 7

Morrow and Songkran (1981) used the Kozeny-Carman equation (Carman, 1837) to determine
an approximate relation between the two forms of the Bond number for unconsolidated media of
relatively uniform grain size. This second version of the Bond number may be more convenient
to use for soils having a fairly wide grain size distribution — because the selection of a
representative grain size in a poorly sorted soil for use in Ng, may turn out to be rather arbitrary.
Although buoyancy forces can aid mobilization, the following discussion will focus on viscous
forces and the capillary number, referring the reader to work by Morrow? and to discussions in
the results chapters (7, 8, and 9) concerning the effects of significant gravity forces.

Once the capillary number exceeds a critical value, the residual saturation decreases as the
number is increased (see e.g., Figure 10). In the figure, the residual saturation is normalized by
its initial value, 5., which is the residual saturation measured under iow capillary number flow
conditions. Above the critical capillary number, N, , viscous forces begin to overcome the

1. Morrow, 1979; Morrow and Songkran, 1881; and Hornot and Morrow, 1987.

18



100

0.75
Reduced
Residual
Saturation . )
' 080 typical typical
Sor/Sor sandstone bead-pack
curve curve
0.28
0.00 .
10* 10 10 10?
Capillary Number, k VP
[e)

Figure 10. Relationship between residual saturation and capillary number for sandstones
and glass beads. The sandstone curve is from Chatzis and Morrow (1984); the
bead-pack curve is based on work reparted in Morrow and Chatzis (1982).

capillary forces resulting in a reduction of the residual saturation. Chatzis and Morrow (1984)
performed a large number of experiments using sandstone cores to explore this relationship
between capillary number and organic liquid saturation. First a residual organic liquid saturation,
Sor » Was established in the cores under low Bond and capillary number conditions. Then the
gradient across the core was increased in a stepwise manner, and at each step residual organic
liquid production was observed. A typical curve for the sandstone is shown as the left-hand curve
in Figure 10. The critical capillary number at which mobilization was initiated was typically
Nér = 2 % 107 for sandstones. N-" denotes the capillary number necessary to displace all of
the blobs; N:'; = 1.3 x 107%, Fifty percent of the residual organic liquid is removed when

Net = 3 x 107*, The relationship in Figure 10 holds for a wide variety of sandstones and organic
fluids, provided that the organic liquid is the non-wetting fluid.

A similar set of experiments were performed for glass beads by Morrow and Chatzis (1982).
Using a variety of sizes of uniform beads, and various organic liquids another correlation was
obtained. It is shown as the right-hand curve in Figure 10, and looks nothing like the sandstone
Curve. A significantly larger capillary number (i.e. more gradient) is required to mobilize the
blobs. This result is explained by the very large aspect ratio of the bead pack pores relative to
Sandstones, and the dominance of capiliary trapping by snap-off. Sintering the beads (melting
them together slightly) reduces the aspect ratio and produces a curve much cioser to the
sandstone curve (Morrow and Chatzis,1882). In a similar study Morrow and Songkran (1981)
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found a that critical Bond number (N3, ) of about 0.005 was needed to reduce trapping in glass

beads.

For natural soils, a correlation between the capillary number and the mobilization of residual
organic liquid has yet to be determined. Determination of this relationship, which may well vary
from soil to soil, is important to aquifer restoration. Understanding the dependence of organic
liquid saturation upon capillary number (or hydraulic gradient) will help establish when it is
possible to hydraulically mobilize trapped organic liquids — and when it is not possible.
Understanding this relationship will also help prevent inadvertent mobilization of organic liguids
during laboratory experiments.

lications for Hydraulic B { Residual S ,

Remediation schemes attempting to hydraulically remove capillary trapped residual by
waterfiooding can remove some of residual organic liquid when N, > N.. All of it will be removed
when N.> N.". Figures 11a and 11b are plots of J versus k taken from Wilson and Conrad (1 884)
using the capillary number relationship of equation (6), and the sandstone vaiue of the critical
capillary number, N;. Various organic-water interfacial tensions, ¢, are shown. J is the
hydraulic gradient in the water phase. The plots describe hydraulic gradients necessary to initiate
blob mobilization.

For example, tetrachloroethylene (PCE) has a density of 1.62 g/cm, greater than that of
water, and is likely to sink into the saturated zone. It has an interfacial tension of 47.5 dyne/cm.
in a fine gravel, with k¥ = 10~ cm?2, a gradient of /= 0.1 is necessary to start some of the biobs
moving. This is a steep but not unreasonable gradient. In a medium sand with & = 10’ cmz, the
necessary gradient is a very steep J = 10.

Figure 12 is a plot of percentage residual organic liquid recovered as a function of gradient
and soil permeability, for an interfacial tension of 10 dyne/cm. The top curve in Figure 11a is the
100% recovery curve for the same organic liquid using the sandstone value of N. . Other
organic liquids can be examined by simply multiplying these results by o /10. For the fine gravel
example, which required a gradient of only 0.1 to begin to mobilize PCE blobs, now requires a
gradient of 1.0 to completely remove an organic liquid having an interfacial tension of
10 dyne/cm. For PCE, the necessary gradient is (47.5/10) = 4,75 times are large, or J = 4.75. It
is improbable a gradient this large can be achieved at a spill site but is not an uncommon
gradient for a laboratory experiment. In the medium sand {where & is 100 times smaller) it would
take a gradient of / = 100 x 4.75 = 475 to remove all of the residual PCE, clearly an impossible
feat at a spill site.

In summary, residual organic liquid is easier to mobilize for lower interfacial tensions, higher
permeability soils, and in the lab. It's harder to mobilize for higher interfacial tensions, tower
permeabilities, and in the field where there are severe practical constraints on the hydraulic
Qradient. Although it may be possible in some instances to mobilize some of the residual, it is
difficult to get it all.
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Figure 11. Hydraulic gradients required to initiate blob mobilization in porous media of

various permeabilities, for organic liquids of various interfacial tensions. A
critical capillary number of N: =2 x 10~ was used. Plot (a) uses a iog-log
scale, while (b) is plotted using linear coordinates. The upper curve in (a)
represents the gradient necessary for complete removal of all organic liquid
with an interfacial tension of 10 dyne/em. From Wiison and Conrad (1984).

Several schemes have been published in the literature and implemented in the field for
hydraulically sweeping organic liquids from poliuted aquifers. These schemes are presumably
meant to sweep out the continuous organic liquid, knowingly ieaving behind the residual. More
often it seems that naivete prevails, and many designers assume that as long as ground water is
fiowing toward a collection system, eventually ali of the organic liquid will make it. No matter how
long one waits, unless gradients are increased above the critical level, none of the residual will
be hydraulically removed (Wilson and Conrad, 1984).

DISSOLVING RESIDUAL ORGANICS

Dissolution is another process (in addition to hydraulic mobilization) in which the residual
organic saturation can be reduced over time. Although dissolution of the organics is seldom
used alone as a remediation scheme because complete removal of the organic phase by
dissolution is often a very siow process, the advection of dissolved érganic poliutants in the water
phase is nonetheless an important transport mechanism.

First, let’s consider the dissolution of a one-component residual organic liguid. Simple
Compositional models of interphase mass transfer usually assume that a local equilibrium is
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Figure 12. Recovery of residual saturation as a function of permeability and hydraulic
gradient for an interfacial tension of 10 dyne/cm. From Wilson and Conrad
(1984).

reached between the phases. As groundwater passes through the zone of residual saturation,
trapped organic liquid is dissolved as water passes through. In the case where a local equilibrium
is in fact reached, only blobs at the extreme upstream end are dissolved. By the local equilibrium
assumption, as soon as water comes into contact with organic liquid the solubility limit of the
water with respect to the organic is reached. With time, blobs at the upstream become dissolved
and completely disappear. Blobs not at the upstream end are not dissolved at all because
passing water has already been completely saturated with organic liguid. If we look spatially at
this equilibrium dissolution process as a function of time, we see organic liquid saturation
maintains a sharp front at the upstream end (Figure 13a), as does the dissolved concentration in
the water phase (Figure 13b).

Often, when groundwater velocities are high enough or the dissolution kinetics are slow
enough, the local equilibrium assumption no longer holds. In this case, the saturation distribution
may look like that shown in Figure 14. A dispersed zone forms where traveling groundwater has
Not yet reached its solubility limit for the organic liquid. The dispersed zone is the region in which
there is a reduced residual saturation (0 <S8 < S, )»anditlooks iike a backwards breakthrough
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curve. Downstream of the dispersed zone, the water has reached its solubility limit and can no
jonger dissolve organic liquid. The higher the velocity and the lower the interphase mass transfer
rate, the larger the dispersed zone will be. Powers et al. (1988) in a numerical modelling study,
found the rate of mass transfer between phases can be strongly dependent upon the distribution
of the residual saturation.

Dissolution from a muiti-component organic phase is more complex, Many spilled organics
- from gasoline and other fossil fuels, to transformer oiis containing PCBs, to the mixed bag of
organics that are sometimes found in industrial waste pits — are mixtures having many
{sometimes hundreds of) organic components. The more soluble components of these mixtures
can dissolve comparatively quickly, leaving behind the less soiuble components to leach out

(a)

Sér"""ﬁ'““‘(""'
Organic
Liquid
Saturation
o J
to at t1 at t2 ... at tn
Direction of Groundwater Flow
(b)
solubilityy, _ _ _ _ . _ _ _ _ .

lirnit ( [

Concentration
of Dissoived
Organics

. J )

at t, at t,

Direction of Groundwater Flow

Figure 13. The spatial distribution of a single-component residual organic liquid
undergoing dissolution as a function of time when the local equilibrium
assumption is invoked. Notice that a sharp front is maintained at the
dissolution front for both the organic liquid saturation (a), and for the
concentration of the organic dissolved in the water (b).
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Figure 14. The spatial distribution of a single-component residual organic liquid
undergoing dissolution as a function of time when a local equilibrium between
the fluid phases is not reached. A dispersed zone forms and grows until a
steady state is reached,

more slowly. There are also co-solvency effects to consider. Interaction between components
can either enhance the solubility of a given component (co-solvency) or the interaction can
reduce the solubility of that component (by a kind of salting-out process). With all these
complicating factors, the saturation distribution of the residual organic phase becomes much
more complex than the simple curves shown for dissolution of a single-component liquid.

Compositional models, numerical codes which simulate interphase transfer such as
dissolution, are becoming more sophisticated as more of the complexities of the process are
incorporated. Partitioning of organic chemicals between fluid phases is dependent, among other
things, upon the pore-scale distribution of the residual saturation. This issue is discussed in all
three of the results chapters. Particularly in Chapter 7, this issue is discussed at some length,
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CHAPTER 3
CHARACTERIZING EXPERIMENTAL FLUIDS AND SOILS

in this chapter, characterization of the fluids and soils commenly used in several of the
experiments is presented. Predictably, the chapter is divided into two main parts — fluids, and
soils. Within each part, the methods used for characterization is described, followsd by the
characterization results themseives.

FLUID CHARACTERIZATION

Measurements of fluid properties such as viscosity, specific gravity, surface tension, and
interfacial tension were performed following procedures outlined by the American Society for
Testing and Materials (ASTM, 1986). Viscosity was measured with Cannon-Fenske routine
viscometers according to ASTM methods D445-83 and D446-85a. Specific gravity
measurements were made as described by ASTM method D1429-76 (pycnometer procedure).
An adaptation of ASTM procedures D 1580-60 and D 971-82 were used to determine surface
tension and aqueous-organic interfacial tensions, respectively, by the ring method with a Fisher
Manual Model 20 tensiometer. The surface tension procedure was modified so that no
centrifuging of the samplies was done. The method of cleaning glassware and the
platinum-iridium ring were also modified to follow that of the interfacial tension method.

M red Filuid Pr i

The measured properties of all fluids used in the laboratory experiments (except for styrene
and the epoxies used in the blob and pore cast experiments) are shown in Table 1.

A 3000 ppm CaCl, solution was used as the aqueous phase in all column experiments.
Distilled, de-ionized water was de-gassed by boiling. Enough calcium chioride dihydrate was
added to the cooled water to bring the concentration to 3000 ppm. The solution was stored under
a vacuum to keep it de-gassed. The properties of this aqueous phase are given in Table 1. The
interfacial tensions of all the organic liquids were measured against this fluid,

Soltrol-130, a mixture of Cy, to Cy5 isoparaffins, was the fluid most commonly used as the
organic phase in these experiments. It is a colorless, combustibie liguid having a mild odor and
negligible solubility in water. A simple experiment was conducted to determine the relative
volatility of Soltrol to water. Equal amounts of Soltrol and distilled water were placed side by side
in identical graduated cylinders and periodically checked visually for liquid loss caused by
evaporation, A plot of the results (Figure 15) demonstrates the much iower volatility of Soitrol.
Other properties of Soltrol as measured in the laboratory are given Table 1.

SOIL CHARACTERIZATION

Quantitative descriptions of the soils were made, including particle density, particie size
analysis, capillary pressure-saturation curves, and wettability. Soil particle densities were
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interfacial
. tension
with 0.3%
CaCl, surface
density viscosity solution tension
liquid (g/em?3) (cP) (dynes/em) (dynes/cm)
agueous
phase 1.000+0.002 0.98 + 0.01 not applicable 72.0 + 0.4
Solrol-130 0.753 + 0.002 1.45 + 0.01 47.8+ 1.2 19.1 + 0.3
kerosene 0.807 + 0.002 1.73 + 0.01 38.6+1.2 26.8 + 0.4
gasoline 0.731 + 0.005 0.48 + 0.01 22.9 + 0.3 20.5+ 0.3
n-decane 0.727 1+ 0.002 0.91 + 0.01 44.5 + 1,0 24.9 + 0.3
benzene 0.877 = 1 0.652 2 T not determined 28921
{oluene 0.86140.002 0.590 20 1 not determined 28.5 1 0.5
p-xylene 0.855 + 0.005 0.60 + 0.01 35.8 + 0.8 2842 1
PCE 1.614 £ 0.005 0.87 + 0.01 41.8 + 0.7 31,727
carbon
tetrachloride 1.599 + 0.002 1.0+ 0.01 & 32.9+082 28.2+0.32
1 Weast, 1986
Table 1. Measured properties of fluids used in experiments. All measurements were

taken at temperatures between 22°C and 24°C except where noted.

determined using ASTM D584-83. Soil particle size distributions were measured using ASTM
D422, and the saturated hydraulic conductivities were measured by ASTM D2434. Porosities and
bulk densities of the soils were measured at the time of column packing and the methods used
are described within the methods chapters for each experiment. Soil capillary
Préssure-saturation relationships were determined using equilibrium methods (Vomocil, 1965).
Wettabilities of the soils to water and the organic liquid were by the Amott method (Amott, 1959)
and the USBM method (Donaldson, 1969).
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Figure 15.  Qualitative comparison of Soltrol and water volatility.
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Soil capillary pressure-saturation relationships were determined using equilibrium methods
(Vomocil, 1965). Hanging column type equilibrium stepwise water-air, water-organic, and
air-organic displacement experiments were performed under both drainage and imbibition
conditions to determine the capillary pressure functions. The experiments were performed using
prepared soil columns. The effective column iength was kept short (5 cm) in order to keep fiuid
saturations relatively constant along the length of the column. Standard equilibrium procedures
were altered for the water-organic liquid displacement experiments to accommodate conditions
involving two liquid phases. Figure 16 shows this modified set up. Tubing was used to connect
the tops of the burets to seal the system and reduce volatilization. The soil column was prepared
as described later in Chapter 4 for a water saturated column. The soil column was attached to
burets containing organic liquid (buret A) and water (buret B). The capillary pressure was
increased stepwise. At each step the system was allowed to equilibrate (about 24 hours were
required). The capillary pressure was measured as:

Pe = (0o 1 + 0w h2) ¢ (8)
where: P. = capillary pressure (dyne/cm?)

hy = height of the organic liquid in buret A above the center of the column (cm)
h; = height of the water in buret B beiow the center of the column (cm)

It
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2. = organic liquid density (g/cm3)
¢« = aqueous fluid density (g/cmd)
acceleration of gravity (cm/s2)

oy
1

Fluid saturations were measured both gravimetrically (by weighing the column after
equilibration had been achieved in each step) and volumetrically (by measuring the volume
change of the fluids in each buret). Gravimetrically, saturations were measured as :

Sw = Sup +

(9)

Ap V,

organic

liquid

enters

o W
organic L
liquid
buret
hy

buret A

A column —f ~=& middle of soil column
h

cx:’% v - 2
1 drained

water

exits |Y/

water buret

buret B

N

Figure 16. Setup for measuring organic/water capillary pressure-saturation relationships,
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So =1 - Sw (10)

where: S, = water saturation (=)

Swp = water saturation at previous step (-)
AM = change in column mass from the previous step (g)
Ag = density difference between the fluids, 0w - 0o (g/cm3)
V, = pore volume of the column (cm?3) (Chapter 4 describes how V, was measured)

Volumetrically, the measurements were based on:

AV,
S = Sp + 7; (1)

where AV, is the total change in volume of a fluid (/ = w or o) in the soil column as measured in
the respective buret.

W ility M remen

Wettability refers to the relative affinity of the sail for the various fluids — water, air, and the
organic phase. On a solid surface, exposed to two different fiuids, it can be measured by contact
angle (see Figure 17). Melrose and Brandner (1974) claim that contact angles are the only
unambiguous measure of wettability. Several common methods for measuring contact angles
are summarized by Adamson (1982); often a contact angie cell is used in petroleum engineering
studies (Craig, 1971). The contact angle test is performed under brine. A drop of reservoir oil is
placed between two polished crystals that are representative of the reservoir rock (usually
Quartz or calcite) and contact angles are measured. When surface active agents are present it
may take up to hundreds of hours of interface aging time to reach eqguilibrium (Treiber et al.,
1972). Hysteresis in contact angle measurements is common, so that both advancing and
receding angles are often measured. There is some guestion as to how representative contact
angle measurements are since they do not take into account the effect of surface roughness,
heterogeneity, and pore geometry (Anderson, 1986b). Contact angle measurements were not
used in this study. To measure the buik wettability of the soils, adaptations of two methods
commonly practiced on cores in petroleum engineering were employed: the Amott test and the
USBM method. Both methods rely upon characteristics of organic/water capiilary
pressure-saturation curves to determine the wettability of the porous media.

The Amott (1959) test measures the wettability of soil as a function of the displacement
Properties of the soil-water-oil system. Four displacement operations are performed on the soil,
and the ratio of spontaneous imbibition to forced dispiacement is determined for both the water
and organic phases. The technique is similar to that required to determine capillary
pressure-saturation relationships for two fluid phases. The four displacements are :

1) spontaneous displacement of organic liquid saturated core or column by water;
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2) forced displacement of organic liquid saturated core or column by water;
3) spontaneous displacement of water saturated core or column by organic liquid; and,
4) forced displacement of water saturated core or column by organic liquid.

This test is based on the fact that the wetting fluid will spontaneousiy imbibe into the core,
displacing the non-wetting phase. When the displacement-by-water ratio {0w) approaches one
and the displacement-by-oil ratio (4, ) is zero, the core is water-wet. If the opposite is true, the
core would be oil-wet. The main problem with the Amott test is its insensitivity at near neutral
wettability (Anderson, 1986b).

The USBM test compares the areas under two fluid phase 'capillary pressure-saturation
curves as a measure of average wettability (Donaldson et al., 1969). When a soil is water-wet,
the area under the organic-displacing-water capillary pressure curve { Ay) is larger than the
water-displacing-organic curve ( A;). In fact, for a strongly water-wet system, most of the water
will spontaneously imbibe into the soil, and the area under the water-displacing-organic curve will
be very small. Since the work of fluid displacement is proportional to the areas under the
capillary pressure curve (Morrow, 1970), the USBM wettability index in essence measures the
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Figure 17. Contact angle measurement on a clean, smooth solid surface.

- 30 -



WETTABILITY
water-wet  intermediate-wet organic-wet

contact angle
minimum 0o 60° to 759 1059 to 1200
maximum 60° to 750 105° to 1200 1800

Amott test
displacement-by-water ratio (d.)| positive zero zero
displacement-by-oil ratio (5,) zero zero positive

USBM waettability index, W near 1 near 0 near -1

Table 2. Relationship between wettability measurement methods (after Anderson,
1986b).

ratio of work needed for organic phase to displace water, to the work needed for the opposite
displacement. The USBM wettability index, W, is given as:

W = log — (12)

Table 2 shows the wettability criteria for each of the three quantitative methods.

vill il

The Sevilleta dune sand was used in the majority of the experiments and hence, was the
most extensively characterized soil. It is obtained locally and has been well studied by
researchers at New Mexico Tech. The grains are sub-angular to sub-rounded. A mineral
characterization of the sand indicates that it is composed mostly of quartz grains (72 & 5% by
number), with lesser amounts of feldspar(11 = 2%) and lithic fragments (16 £ 3%). The lithics
were generally much smaller in size than the other mineral grains; they compose about 5% of the
sand by volume. An organic carbon analysis was conducted at North Carolina State University
(courtesy of Dr. Cass Miller) and yielded an organic carbon content of 0.02%, an aimost
negligible amount,

The particle density of this sand was determined to be 2.65 + 0.02 g/cm from five replicate
Mmeasurements. Six sieve tests were conducted to measure the particle size distribution of the
Sevilleta soil. There was excellent agreement between tests with all curves falling essentially on
top of one another. The results of one test are presented in Figure 18. The particle size
distribution classifies the soil is a uniform medium grained sand, with a median particie diameter
of about 0.3 mm (300 microns) and a uniformity coefficient (dgo/do) of less than 2.
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Figure 18.  Particle size analysis for three of the soiis used in this study.

Eleven replicate measurements of water-saturated hydraulic conductivity (K, } and intrinsic
permeability (k) were conducted in a constant head permeameter with the following resuits:

K, = (1.03 £ 0.20) x 107? cm/sec
k=1.03 x 1077 cm2 = 104 darcys

Capillary pressure-saturation curves for all fluid pair combinations (air-water, air-organic,
and organic-water) were constructed with the Sevilleta soil. Soltrol-130 was used as the organic
liquid phase in all trials. The soil capillary pressure-saturation plots from data acquired during 12
experimental trials include:

® seven organic-water capillary pressure curves, of which two curves have drainage,
imbibition, and secondary drainage cycles, three curves have drainage and imbibition
cycles, and two curves have the main drainage branch only;

® two air-organic capillary pressure curves, one curve with drainage, imbibition, and
- secondary drainage cycles, and one curve of the main drainage branch only; and,

® three air-water capillary pressure curves, of which two curves have the main drainage
and imbibition cycles, and the third curve has the main drainage branch only.

For the air-organic trials, the soil column was packed under organic liguid. Examples of two of
these 12 capiliary pressure-saturation curves are shown in Figure 19. The remaining curves are
presented in Appendix A.

Organic/water capillary pressure-saturation curves were used to determine the wettability of
the Sevilleta soil. A typical Soltrol/water capillary pressure-saturation plot (shown in Figure 20)
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Figure 20.
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Figure 18. Typical Sevilleta sand capillary pressure-saturation curves.
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wettability, in this case for Soltrol-130 in Sevilleta sand.
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A typical organic/water capillary pressure-saturation curve used to determine
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was used in conjunction with the Amott and USBM methods to determine the wettability of the
Sevilleta soil. The four displacement operations performed in the Amott test were:

1) spontaneous displacement of organic liquid by water (corresponding to a capillary
pressure of zero on curve 2); point A;

2) forced displacement of organic liquid by water (corresponding to the residual organic
liquid saturation); point B;

3) spontaneous displacernent of water by organic liquid (corresponding to a capillary
pressure of zero on curve 3); point C; and,

4) forced displacement of water by organic liquid (corresponding to residual wetting phase
saturation); point D.

Preferentially water-wet soils have displacement ratios, 6, = (S,.. - Swp)/ (Sws = Swp),
approaching 1.0 and displacement-by-organic ratios, d, = (S,5 - Swe)/(Sws-Swp), of zero,
Organic liquid-wet soils give reverse results. The Sevilleta soil is strongly water-wet, not only to
Soltrol, for which 4,, = 0.98 and 6, = 0.0, but for all of the other organic liquids utilized.

The USBM test compares the areas under capillary pressure curves as a measure of
wettability. When a soil is water-wet, the area under the organic-displacing-water capillary
pressure curve (shaded) is larger than the area under the water-displacing-organic curve
{(biack). In a strongly water-wet system, most of the water spontaneously imbibes into the soil,
and the area under the water-displacing-organic curve is very small — as is the case for Soltrol in
the Sevilleta soil as shown in Figure 20.

Palouse Loam

The Palouse loam soil, an agricultural soil from eastern Washington, was selected as an
alternate soil for use in the saturated zone experiments. The Palouse soil provided a good
contrast to the Sevilleta soil because of its much finer texture (15% sand, 80% silt, 5% clay) and
its higher organic carbon content, 1.5% (Bowman et al., 1981 ). The water-saturated hydraulic
conductivity of the soil was measured to be 5 x 10-% cm/s using a falling head test, and the
particle density was measured to be 2.67 + 0.02 g/cm3.

Due to the fine-grained nature of the soil, it was difficult to supply enough pressure to inject a
non-wetting phase. Although it proved impossible to run capillary pressure curves for the
Palouse loam, it can be surmised from the high non-wetting phase entry pressures that the soil is
strongly water wet, and could serve as an effective barrier to movement of an organic phase.

The Traverse City soil sample was obtained from a Superfund fuel spill site at a U. S. Coast
Guard Air Station in Traverse City, Michigan. The soil is a ciean, beach sand, composed primarily
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of sub-rounded to rounded quartz grains, with some dolomite and igneous and metamorphic
particles (Twenter et al., 1985). It has a particle density of 2.65 + 0.01 g/cm?® and a saturated
hydraulic conductivity of 1.0 x 1072 cm/s. An organic carbon analysis conducted on soil
samples from a nearby well indicated the soil had an organic carbon content of about 0.01%
(Twenter et al., 1885). Sieve analysis of Traverse City soil is plotted in Figure 18. The Traverse
City Soil is slightly coarser grained and more graded than the Sevilleta Sand.

The Llano soil was a coarse sand obtained from the escarpment of the Liano de
Albuguerque, remnants of a plain dissected by the Rio Grande and the Rio Puerco west of Belen,
New Mexico. The soil sample is a clean, fluvial sand deposited by the ancestral Rio Grande or one
of its tributaries. It has a particle density of 2.66 = 0.01 g/cm3 and a saturated hydraulic
conductivity of 1.6 X 10! cm/s. Sieve analysis of Llano soil is plotted in Figure 18. The Llano soil
is more coarse grained and more graded than either the Sevilleta or Traverse City soils.
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CHAPTER 4
SHORT COLUMN EXPERIMENTAL METHODS

Bench top short column experiments were performed to measure the residual organic liquid
saturations of soils under either vadose zone or saturated zone conditions, praviding a direct
means to compare the amount of organic liquid trapped in the vadose zone to the amount
trapped in the saturated zone. The complete set of results obtained using this technique was
presented in Hagan et al. (1989}. The soil used in most of the experiments was the Sevilleta dune
sand, & uniform, medium-sized, quartz sand. Soltrol-130, a mixture of Ciyg 10 Cys
isopareffins with negligible solubility in water, most often served as the organic phase. The
agueous fluid used in the experiments was water with 3000 ppm calcium chloride added to
prevent dispersion of clays. In other saturated-zone experiments, sither kerosene, regular
leaded gasoline, p-xylene, n-decane or tetrachioroethylene (PCE) was used as the organic
phase to directly compare the differences in residual saturations to different classes of organic
pollutants. Residual saturations were also measured in the other soils using Soltrol under
saturated-zone conditions.

A short glass chromatographic column with threaded Teflon™ (tetrafiuoroethylene) endcaps
was used to contain the soil sample. The glass column had an inside diameter of 5 cm and an
effective internal length of about 5 cm. The column was kept short so that — especially in the
vadose zone case — saturations remained fairly constant over the length of the column.
Semi-permeable membranes were used on the iower endcap to prevent capillary end effects. A
paper filter placed on the upper endcap prevented ciay-sized particies from leaving the column.
Over the course of an experiment, the change in column mass was used, in conjunction with the
known density difference between the fluids, to measure saturations. Soils and liguids were
exposed only to glass, Teflon, and chemically resistant tubing during the experiments.

In the saturated zone experiments, organic liquid was introduced into an initially
water-saturated soil sample until the water was reduced to its residual saturation. Water was
then re-introduced into the soil displacing most of the organic liquid, but leaving behind some
discontinuous blobs of organic liquid trapped by capillary forces. The fraction of the pore space
occupied by these trapped blobs is the residual organic liquid saturation. The experiment
represents a scenario in which organic liquid percolates into the saturated zone and is, in turn,
displaced by ambient groundwater flow, leaving behind a residual organic liquid saturation.

In the vadose zone experiments, an initially water-saturated soil sample was drained with air
under an applied suction until an equilibrium was reached. The drained soil represented vadose
zone conditions in which the pore space is occupied by both air and water. As organic liquid was
introduced (simulating a spill or leak), it displaced air and water as it percolated through the soil.
Organic liquid was then drained from the soil under an applied suction, simuiating the downward
movement of organic liquid as it passes through the vadose zone toward the water table. Again,
Capillarity caused some organic liquid to become trapped in the pore space.

This chapter is begun by describing the fluids and soils used in these experiments and the
fationale for those choices. (A detailed characterization of the fluids and soils used in the
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experiments is presented in Chapter 3.) The short column apparatus is then described, followed
by detailed procedures of how the apparatus was used to measure fluid saturations under
two-phase (saturated zone) and three-phase (vadose zone) conditions. The conclusion of the
chapter is spent discussing the limitations of the apparatus and possible errors that may occur
when running these experiments.

FLUIDS AND SOILS

The aqueous fluid used in all experiments was distilled, de-ionized, de-aired water with 3000
ppm CaCl, added to prevent dispersion of clays.

Soltrol-130, a mixture of Cy, to Cy5 isoparaffins produced by Phillips 86 Company was the
organic liquid used to troubleshoot the apparatus and develop the experimental procedure. ltis a
colorless, combustible liquid having a mild odor and negligibie sdlubility in water. Soltrol-130
proved to be the ideal fiuid for debugging because of its relatively low solubility, volatility, and
toxicity. For these desirable qualities and because of the need to hold ali variables but the
independent variable of interest constant, Soltrol-130 was used in all experiments comparing
residual saturations in the saturated zone to those in the vadose zone, and for all comparisons of
residual saturations between soils.

The other organic liquids selected for use in the experiments were chosen to be
representative of several classes of organic liquid poliutants often present at landfills, hazardous
waste sites, and accidental spills. Saturated zone residual organic liguid saturations were
determined for six organic liquids; three of the liquids were mixtures (regular leaded gasoline,
kerosene, and Soltrol-130), and three were single-component liquids. Of the single-component
liguids, decane was chosen to represent straight-chain aiiphatics, p-xylene was chosen to
represent aromatics, and tetrachloroethylene (PCE) was chosen to represent halogenated
hydrocarbons. Selection of a particular chemical to represent a given class of chemicals was
based on the volatility and solubility of the organic liquid, and on the density ditference between
the organic liquid and water. Low volatility and solubility were desired to avoid competing
physical processes. A large density difference between the organic liquid and water was desired
because the soil calumns were weighed — exploiting the density difference between the fluids —
to measure the fluid saturations. Larger density differences between the fluids led to more
accurate measurement of the saturations.

"Gasoline leakage from thousands of storage tanks and spills, incurred during transportation
and distribution of the fuel, are responsible for a large number of the groundwater contamination
incidents reported today. Gasoline and its individual components (as represented by xylene for
the lighter aromatic fraction and decane for the less volatile fraction} were considered for
investigation because of gasoline’s abundant use and its propensity to cause groundwater
contamination problems.

Kerosene is very similar in composition to the aviation fuel used in all military aircraft and
long-distance passenger-carrying aircraft. Groundwater contamination problems have occurred
from spills of aviation fuel at airfields and military bases around the country.
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PCE was one of two chemical carcinogens, TCE was the other, found most often in
groundwater according to a report compiled in 1980 by the EPA Office of Drinking Water
(Burmaster & Harris, 1982). PCE was also chosen because it represented the class of organic
liquids that are denser than water,

Sevilleta dune sand was seiected as the soil used to refine the test apparatus and procedure.
Once again because of the need to hold all variables but the independent variable of interest
constant, this soil was used in all experiments comparing residual saturations in the saturated
zone to those in the vadose zone, and for all comparisons of residuai saturations between
organic liquids. The Sevilleta sand is a well sorted, medium aeolian sand, taken from a sand
dune in the Sevilieta Wildiife Refuge, iocated 15 miles north of Socorro, New Mexico. This sand
was chosen for three reasons:

1} ltis a uniform, homogeneous soil with a fairly high hydraulic conductivity, a low percentage
of fine particles, and a very low organic content. These properties made the Sevilleta sand
easy to use during the testing of experimental technique.

2) The sand is easy to obtain. The Hydrology program maintains a field site at the location
from which the soil is taken.

3} The Sevilleta sand has been used previously in several hydrotogic studies here at Tech.
This permitted a comparison of soil characterization results with those of previous studies.

The Traverse City soil, a sandy soil not unlike the Sevilleta sand, was used in several trials of
the saturated zone experiment. This soil was supplied to us by the EPA’s Kerr lab from their
biodegradation field demonstration site in Traverse City, Michigan.

An attempt was made to use the Palouse ioam, an agricultural soil from eastern Washington,
as a third soil in the saturated zone experiments. The Palouse soil provided a good contrast to
the Sevilleta and Traverse City soils because of its much finer texture (15% sand, 80% silt, 5%
clay) and its higher organic carbon content of 1.5%. Unfortunately, the Palouse loam was found
to be inappropriate for use in these experiments and pointed out some of the limitations of the
apparatus. The fine-grained nature of the soil made it difficult to work with. The column had to be
packed dry, because the Palouse ioam became a gooey, unmanageable ooze when wet. Dry
packing increased the length of time required to de-air the column by two to three weeks. Cracks
in the soil, formed when the top endcap was tightened down, were a common probiem, and,
because of the small pores present in this fine-grained soil, it was difficult to supply sufficient
pressure to force organic liquid into the soil. More about the problems encountered in using the
Palouse loam can be found later in a discussion of the limitations of the apparatus.

EXPERIMENTAL APPARATUS
Each apparatus used in the experiments consisted of a short glass chromatographic column
with Tefion endcaps (Figure 21), and associated plumbing. The glass column and Teflon

endcaps were manufactured by Ace Glass, Inc. The glass column was specially fabricated to
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Figure 21. The short column apparatus, with blow-up views of the endcaps and filters.

specifications: 5 cm inside diameter and 5 cm effective internal length between Teflon endcaps.
The effective column length was kept short in order to keep fluid saturations relatively constant
along the length of the column. The endcaps were screwed into threaded ends on the glass
column and sealed against the column with o-rings.

A 5 mm thick fritted-glass disk with a 20 micron average pere diameter was placed into the
taper of the bottom endcap as a filter support. A water-wet nylon filter with a 0.22 micron pore
diameter, designed to allow water, but prevent organic liguid from ieaving the column, was glued
along the edges to the fritted-glass disk. A paper filter was placed over the nylon filter to protect
the nylon from abrasion by the soil.

A network of small channels, approximately 1 mm deep and 1.5 mm wide, were machined
into the surface of the top endcap, in a pattern similar to that shown in Figure 21. The grooves
allowed for a more uniform flow of fluids between the endcap and the soil. A paper filter was
sandwiched in between two polypropylene scrims and giued to the endcap. The paper filter kept
fine soil particles from leaving the column. The outer scrim Kept the paper filter from tearing

- 30 -



against the soil when the endcap was screwed down against the soil. The inner scrim decreased
clogging by preventing the paper filter from sagging back into the grooves,

in vadose zone experiments, endcaps with organic-wet filters were used as part of the
experimental procedure (as described later in this chapter under ‘vadose zone experiments’).
Endcaps with organic-wet membranes, which allow organic liquid to pass through but not water
or air, were constructed in one of two ways. By the first method, the endcaps were constructed
identically to water-wet endcaps but an organic-wet, Tefion filter was glued in place instead of a
water-wet nyion filter. The Teflon filters had an average pore diameter of 0.5 microns. By the
second method, an organic-wet ceramic disk was simply glued into place in an endcap, in place
of the fritted-glass disk, the membrane, and the paper filter. Before it was giued in place, an
initially water-wet ceramic disk was treated with an organosilane compound to change its wetting
to organic-wet. To change the wetting, the disks were first soaked in chlorotrimethylsilane for 2
hours, then immersed in toluene for 1/2 hour, and finally rinsed thoroughly in methanol for 3
hour. A similar procedure was used by Lenhard and Parker (1988a). The disks were one-half
bar, high-flow ceramic disks. The ceramic disks were found to maintain their organic-wet
properties much better if they were stored in wetting {organic) fluid when not in use. Because the
experimental procedure called for these endcaps to be screwed into place against the soil, the
Teflon membrane could become damaged by abrasion from the soil grains. Use of the much
more rugged ceramic disks alleviated this problem, but since the disks offered a much higher
resistance to flow, the experiments proceeded at a much slower pace.

Devcon 2-ton epoxy was used to glue filters and disks on all endcaps except those used in
experiments employing PCE as the organic liquid. Since PCE dissolved the epoxy, silicon sealant
was used to attach filters to the endcaps in any experiments involving the use of PCE.

Filter Testing

For the saturated and vadose zone experiments 1o run properly, it was essential that filters
maintain their integrity. That is, the nylon filters must allow only water and not organic liguid or air
1o penetrate under experimental conditions; while the Tefion or treated ceramic fiiters must allow
organic liquid to pass, but not water or air. Capillary forces held the wetting phase in the pores of
the filter, allowing only that wetting phase to pass through. Non-wetting fiuids could not pass
through the filter, as long as the capillary pressures were maintained beiow the non-wetting
phase entry pressure of the filter.

An air-entry test was used as a simple means to test the integrity of a filter and its giued seal
to the endcap. The wetting fluid (water or organic liquid) was pulled through the filter and endcap
under suction using a vacuum pump until the filter and any void space in the end reservoir behind
the filter was completely saturated (see step 1 in Figure 22). The suction on the vacuum pump
was set to a performance standard and run for a couple of minutes at that level. The endcap was
femoved from the wetting fluid with the vacuum suction continuing (see step 2 in Figure 22). if air
breached the filter — seen as air bubbles in the tubing leading out of the endcap within 1 to 2
minutes ~ then the filter failed the air-entry test and was not used. Filters which allowed no air to
Penetrate them passed the air-entry test and were used in experiments.
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Figure 22.  Air entry test for bottom end cap filter and seal.

The performance standards were set with a margin of safety so that filters could be assured
of maintaining integrity under experimental conditions for any combination of wetting and
non-wetting fluids (water-air, organic liquid-air, water-organic liquid) . For example, about 60 cm
of water suction was needed to bring the Sevilleta sand close to residual water saturation. This
suction was doubled to 120 cm (9 mm Hg) to ensure a margin of safety. To account for the fact
that air was not always the non-wetting phase, the integrity test standard was corrected by the
ratio of interfacial tensions. For Soltrol this correction was:

120 cm H,0 (water/soltrol) x e

= 185 cm H,0 (water/air) = 14 cm Hg (13)

where: 0., = 73.6 dyne/cm = water/air interfacial tension = water surface tension
Owo = 47.8 dyne/cm = water/Soltrol interfacial tension

The performance standard for this particular air-entry test of the water-wet membrane then, was
set at 14 cm Hg,

lumn Volume M remen

Accurate measurement of the column volume was important because it was used in
subseguent caiculations of bulk density, porosity, pore volume, and fiuid saturations. To
Mmeasure the column volume, the column was weighed empty, filled with water, and weighed
again. The difference between the two weights divided by the density of water yielded the column
volume, V, . Allowances were made for volume inside the column occupied by filters, the
grooves in the top endcap, and how tightly the column was screwed together to give what is
Called the ‘effective column volume’ (Ve ), the volume occupied by soil and the fluids of
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interest. What follows is a detailed description of the procedures used to measure the effective
column volume.

The mass of the empty column ( A, ) was determined by weighing the core body, endcaps
with valves, and o-rings using a top-loading electronic balance with 0.01 g accuracy. The bottom
endcap was weighed whiie still full of water from the filter test, and the top endcap was weighed
before the filters were glued into place. The column was then assembled. The bottom endcap
was screwed into the glass column and tightened in place using a bench vise. The top endcap
was only hand tightened into the glass column. The top endcap and glass column were marked
to show this reference alignment. The column was filled with water, and reweighed. The column
volume was calculated as:

M, - M,
Ve = —— | (14)

where: M., = mass of the water-filled column (g)

Ow

density of water (g/cm?3)

Packing a column with soil was an imprecise science. The column might have been slightly
over-filled with soil one time, slightly under-filled the next. The top endcap could not be screwed
down to the same degree in an over-filled column resulting in a slightly larger volume inside the
column. Conversely, a slightly under-filled column might have been tightened down somewhat
further than the reference, resulting in a slightly smailler column volume than the reference
volume. To account for this variability in column volume from one packing to the next, a
correction factor for endcap tightening was desired. To accomplish this, the vaive on the top
endcap was opened and the previously hand-tightened endcap was tightened in a bench vise. As
the column volume was made smaller by the tightening, water squirted out through the opened
valve. A new mark, aligned with the glass column mark, was made on the top endcap. The offset

length between marks (/. ) was recorded, the column was reweighed, and the new mass ( M.,)
was recorded. The column tightening correction factor (C,) was calculated as:

c Mwl_sz
¢ = 'y (15)

The volume of the top endcap (including the volume of the grooves, the connecting hole in
the endcap, and the valve) was measured in a manner similar to the method used to measure
the gross column volume. The endcap was weighed empty, the endcap was filled with a liquid of
known density, and the column was reweighed. Similar to before, the mass of the full endcap
minus the mass of the empty endcap divided by the quuid density provided a measure of volume
which could be occupied by fluid in the endcap. Because the endcap was made of Teflon, an
organic liquid did a much better job than water of wetting the surface and filling the grooves.

The volume of the filter, scrims, and glue on the top endcap reduced the volume of the
column available to sand and fiuids and also needed to be accounted for. The volume of the
Paper filter and the polypropylens scrims were calculated by simply multiplying the

- 42 -



cross-sectional area by the measured thickness. The endcap, filter, and scrims were weighed
prior to gluing the filter and scrims onto the endcap. After the glue had hardened, the endcap
was reweighed. The difference between the two weights was the weight of the glue, and when
divided by the glue density yielded the glue volume. The density of hardened glue was
determined using the ASTM D584-83,

The effective column volume was determined by accounting for the volume in the top
endcap behind the filters (including grooves, connecting hole, and valve), the volume of the
paper filter and scrims on the top endcap, the volume of glue on the top endcap, and the
correction for how tightly the top endcap was screwed in place. The effective column volume
was calculated as;

Vee = Vo - Vgroove - Vﬂka - Vgluc - G IR (16)
where: V.. = effective column volume (cm3)
V. = original column volume (cms3)
Vaowe = VOluma of the top endcap grooves (crrd)

Ve = volume of the paper filter and polypropylene scrims (cm?)

Vewe = volume of the glue (cme)
C: = column tightening correction factor {(cm2)
I; = length shy of mark (cm)

| ki

The glass column was packed by hand in small increments under about 1 cm of water. A
previously determined mass of soil was gently poured into a verticaily-oriented column. The
water was controlled by a buret connected to the column through the bottom endcap. The soil
was tamped into place using a modified metal spatula (bent flat and turned S0 degrees at one
end). The column was packed to a depth of about 5 cm, reaching the top end, just at the base of
the upper column threads. The soil was carefully ieveled and the top endcap was screwsd into
place. If the top endcap alignment mark was offset from the mark on the glass column, the
distance was measured as the length shy of mark (I ). The effective column volume was
calculated according to equation 16.

Occasionally, several attempts at sealing the top endcap needed to be made before the top
endcap was successfully screwed into the column and the o-ring was seated properly. After the
initial attempt, soil often had to be added or removed from the column before a tight o-ring seal
was obtained and the endcap could be tightened in a vise. Any soil removed from the column
was oven dried overnight and combined with the leftover soil. The mass of soil in the column,
M;, was simply the original mass of soil minus any leftover soil.
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The mass of soil packed into the column was used in determining the bulk density, ¢, , the
pore volume, V,, and porosity, n, of the soil pack:

— M“
@ = Y. (17)
M,
V, = Voo — =%
f 0 (18)
M,
n - 1 - Q.l’ VL‘¢ (19)

where: M; = mass of soil in the column (g)
o: = particle density of the soil (g/cm3)

I

Upon compietion of packing, the column was reconnected to the buret tubing to test the top
endcap’s o-ring seal for water ieakage. O-ring leakage was tested by closing the top endcap
valve, opening the lower endcap valve and buret vailve, and raising the input buret height, thus
increasing the pressure on the o-ring seal. It was usually immediately apparent if the seal leaked,
requiring the endcap to be refitted. A good o-ring seal was usually visually apparent, with the
biack o-ring appearing flat against the glass column wall. Only rarely did the seal leak when the
top endcap was tightened down using a bench vise.

After the column had been tested for leakage, silicon sealant was placed on the outside of
the glass column, between it and top endcap. This prevented any change in column mass due to
evaporation of any water accidentally trapped in the threads between the glass column and top
endcap.

In two experimental trials, the column was heterogeneousiy packed with coarse lenses within
a finer matrix. The procedures used were identical to those used to to achieve heterogeneous
packings in the pore cast experiments. A description of the procedures can be found in
Chapter 5.

De-airing

- The column was fiooded with 20 to 30 pore volumes of de-aired water in order to remove any
gas bubbles trapped in the porous matrix or plumbing. Entrapped gas dissolved into the de-aired
water and was carried out of the column. After every 100 ml of water added, the column was
disassembled from its plumbing and weighed. The column gained mass as entrapped air was
removed from the column and repiaced by water. The column mass eventually stabilized as al!
entrapped air was removed. Operationally, three consecutive unchanging measurements of
column mass were used to indicate the compiete removal of entrapped air. The mass of the
column at this point was called the initial column mass ( M;). The water-saturated column could
now be used for capillary pressure-saturation tests (see Chapter 3), the saturated zone
experiment, or the vadose zone experiment.
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SATURATED ZONE EXPERIMENTS

Saturated zone residual organic liquid saturation was determined by introducing organic
liquid into a water saturated packed soil column (organic liquid flood), then displacing the
organic liquid by water (waterflooding). These experiments simulated conditions beneath the
water table,

nic Liqui i

Once the column had been packed with soil and any entrapped air removed, organic liquid
was flooded into the column simulating the movement of organic liquid into the saturated zone.
To maintain a stable displacement front, the column was flooded from top to bottom for the case
of an organic liquid lighter than water (Figure 23), or fiooded from below when an organic heavier
than water was used. The organic liquid was injected under sufficient head so that the water
saturation was reduced to the residual water saturation, but the head was kept low enough to
prevent organic liquid from breaking through the nylon filter on the bottom endcap.

organic
— liquid
enters
//—\
A4
organic —

liquid

water

N

Figure 23. Step 1: Organic liquid flood into a water saturated column.
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All organic and aqueous liquids were loaded into the burets by a siphoning procedure to
reduce aeration of the fluids., To avoid contact with hazardous vapors, p-xylene,
tetrachioroethylene, and gasoline were siphoned into burets using a vacuum suction under a
fume hood. The openings at the top of the burets were sealed to each other by a stopper and
tubing arrangement (not shown in Figure 23) to close the system and limit emission of fumes.

The organic liquid flooding was continued for at ieast 24 hours or until the column weight
stabilized, indicating that the fiuid saturations had reached equilibrium. A stabilization of fluid
levels in both the inflow and outflow burets also indicated that the system had reached
equilibrium and fluid saturations had stabilized. Fluid production at the bottom endcap was
observed to ensure that only water was produced (verifying that the nylon filter had maintained
its integrity and no organic liquid had breached the filter). After stabilization, the column was
detached from the burets and the column mass, M,, was measured. The fluid saturations were
determined employing the density difference between the organic liquid and water:

_M-M,

Y Ay, 20
Swr =1 - So (21)
where: S, = Organic liquid saturation (~)

Ap = Density difference between water, 0w, and the organic liquid, €. , (g/cm?3)
Swr = Residual water saturation (-)

Modifications to the procedure were made in an attempt to introduce organic liquid (Soltrol)
into the Palouse ioam soil. Because the soil was fine-grained, comprassed air was used to
increase the pressure behind the Soltrol and force it into the water-saturated soil column. One
tubing line was connected to an air compressor and split with a tee. One split line went to a
mercury mancmeter board to record the pressure and the other line was connected to the buret
containing Soltrol, through a stopper inserted on top of the buret. In this manner, a capillary
pressure of about 500 cm of water was induced on the Palouse loam. Still, it was difficult pushing
Soltrol into the seil.

2: Waterfi in

Following the organic liquid flood, the column was slowly fiooded with water at a rate of about
0.3 mi/min to displace the organic liquid. This displacement was intended to simulate the action
of ambient groundwater displacing the organic liquid and leaving behind trapped organic liquid at
residual saturation. As shown in Figure 24, the coiumn was flooded from bottom to top to
promote a stabie displacement of the less dense organic liguid. When an organic liquid denser
than water was used, the column was flooded from above, displacing the denser fluid out the
bottom. A syringe pump, or a carefully controlied and monitored buret flow was used to push the
water through the column at a low velocity to make sure the displacement proceeded under low
Bond number and low capillary number conditions. (See Chapter 2 for definitions of Bond and
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Figure 24. Step 2: Waterflooding at low velocity to reduce the organic liquid to its residual
saturation.

capillary numbers.) The waterfiood continued until no additional organic liquid was produced (as
indicated visually through the transparent tubing and by an unchanging column mass).
Introduction of about six pore volumes of water through the column was found to be sufficient to
reach residual organic liquid saturation. Actually, the displacement must have proceeded as a
fairly sharp front, since the organic liquid saturation was very nearly reduced to residual
saturation before injection of the first pore volume had been completed. At the conclusion of the
waterflood, the column was weighed, the mass (M;) was recorded, and the residual orgamc
liquid saturation was determined:

—_ --M3
77 AoV, (22)
Sw =1 - §, (23)

where: S, = Residual oil saturation (-)
Sw = Final water saturation (-)
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VADOSE ZONE EXPERIMENTS

The vadose zone experiments were designed to represent organic liquid trapping above the
water table where air, water, and organic liquid are simultaneously present. The simulated
residual water and organic liquid saturations were obtained under equilibrium conditions, at an
equivalent height above the water table. To achieve these saturations, water was drained from
an initially water saturated, de-aired soil column under an applied suction. Then organic liquid
was introduced into the top of the column. Finally, the organic liguid was drained from the
column under the same applied suction.

Step 1: Water Drainage

Beginning with a de-aired, entirely water-saturated colurnn of known mass (M, ), a suction

was placed on the column, draining water through the nylon filter and out the bottom endcap
(see Figure 25). Air entered through the top endcap, replacing the drained water in the soil's
pore space. The water-wet nylon filter allowed water, but not air to pass through the bottom of

air enters

water !

exits
water

Figure 25. Step 1: Water being drained with air under an applied suction.
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the column. The suction was applied by lowering the water level in the buret beneath the column
in the same fashion as when determining water/air capillary pressure-saturation functions.
Figure 25 shows the configuration used for applying a suction Ah to the column. The elevation
difference Ah was measured from the middle of the soil column to the water level in the buret in
centimeters of water. Equilibrium was reached when the water level in the buret stabilized and
the column weight no longer changed.

Upon reaching equilibrium, the column was weighed and the mass (M,) was recorded. Air
saturation was a function of the suction applied and was measured at a particular equilibrium
suction as :

Mi-M,
Sy itiar = ————2
a,initial o Vs (24)
Swontiat = 1 = Sa initiar (25)
where: S muia = &ir saturation following water drainage (-)

water saturation following water drainage (-)

Sw,ini!ial

The saturations found by this method were the fluid saturations for the soil under equilibriurn
conditions Ah centimeters above the water table.

nic_liquid F in

Once the water had been drained from the column, organic liguid was introduced to simulate
the effect of organic liquid percolating through the vadose zone. Before proceeding with the
organic liquid flood, the bottom endcap with the water-wet filter was removed from the column,
and replaced with an identical endcap with an organic-wet Tefion filter or organic-wet ceramic
disk in place of the nylon filter. The Teflon filter or ceramic disk was used as a vehicle through
which to introduce the organic liquid into the column. In a later step it was used to pull organic
liquid from the column under suction. To change endcaps, the column was inverted and the
bottorn endcap was unscrewed from the soil column. Any soil grains clinging to the paper filter
on the bottom endcap were gently brushed back into the column. The replacement endcap with
a Teflon or ceramic filter was screwed down tightly in place to ensure good contact with the soil.
Prior to installation, the Teflon or ceramic filter was tested for integrity and the end reservoir
behind the filter was saturated with organic liquid. The column was then reweighed (Ms) to
account for any difference in the mass of the endcaps. Switching endcaps appeared to cause
little disruption of the soil packing.

The column was once again attached to the burets (see Figure 26). Organic liguid was
introduced through the organic-wet bottom endcap. Because water is more dense and air is less
dense than the organic liquid used in the experiments, the column was turned horizontally to
inhibit density instabilities that might occur in a vertical displacement. Organic liquid was pushed
through the column under low capillary number conditions until no more water or air was
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produced (verified by a stable column mass, Ms ). This step usually required about 300 m! of
organic liquid to be pushed through the soil column before the mass stabilized.

Once the fluid saturations had equilibrated, the volume of water produced from the soil pack
was measured. The volume of water produced was measured by collecting the outflow (water
and organic liquid) in a flask and withdrawing the water from the bottom of the flask with a
syringe. A Teflon flask worked best because water would not adhere to the walls of a Teflon flask.
The water was then injected into a graduated cylinder to determine the volume of the water
produced (V,,). The new water saturation was then calculated as:

v,
w = Sw initial — —2 2
S | initial Vp . ( 6)
1
A4 o
organic liquid
water,
‘ air, and
organic organic
liquid liquid
enters - exit

N

Figure 26.  Step 2: Organic liquid fiood in a column already drained by air.
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With the water saturation known, the organic liquid saturation (S§,) and the air saturation

(S,) could be found using mass measurements of the column before (Ms) and after (M) the
organic tiquid flood:

Mé“MS'Qw pr
S, = 27
o0 V, (27)

Se =1 - 8., - 8, (28)

rganic Liquid Drain
In the final step of this process, organic liquid was drained from the column under an applied
suction. The organic liquid saturation was reduced to an equilibrium saturation for a given height

above the water table. For sufficiently large suctions, this represents the residual organic liquid
saturation in the vadose zone. Figure 27 shows the set-up for organic liquid drainage. It was very

air enters

organic l v

liquid o
exits organic liquid

Figure 27.  Step 3: Organic liquid drained by air.
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similar to the set-up used eariier in step 1, for draining water from the soil column (Figure 25),
The drainage was a stable displacement, in which air entered from the top displacing organic
liquid downward through the lower organic-wet filter. The elevation difference, Ah, for this step
was equal to the Ah used in the previous water drainage step. For instance, if the suction used in
the water drainage step was 70 cm of water, in the organic liquid drainage step the applied
suction was 70 cm of organic fiquid. Although in each case the fiuid column in the buret was
dropped the same distance beneath the soil column to induce suction, the capillary pressures
induced in each of these steps was not the same. The difference in capiliary pressures was
scaled by the relative densities of the water and organic liquid phases.

The displacement proceeded until the organic liquid and air saturations equilibrated. (The
water saturation remained unchanged during this step.) The equilibrated column was weighed

(M7 ) and the final organic liquid, water and air saturations were determined:

M7 _MS = Ow pr
Oo Vp

Sor =

Se =1 -8, - S, (30)

POSSIBLE SOURCES OF ERROR

Several sources of experimental error were associated with performing multi-phase flow
experiments to determine residual organic liquid saturations. Possible sources of error included:

® incomplete removal of entrapped gas,

® changes in fluid densities due to changes in laboratory temperature,
® lack or loss of filter integrity,

¢ faulty seals in the system leading to leakage or evaporative losses,
@ trapping of fluids in the outflow end reservoir,

® packing variability (from one soil packing to the next), and

® error associated with the precision limits of the measuring devices.

What follows is a brief discussion of each of these sources of error.

Entrapped Gas

As soil was packed into a soil column, some gas was trapped in the pore space. For a
water-wet system, trapped gas tends to reside in pores which would probably otherwise trap
organic liquid (see for instance, Kyte et al., 1958). Residual saturations measured in the
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presence of trapped gas would be expected to be lower than residuals measured under strictly
two-phase conditions.

Entrapped gas presents other problems because its saturation may not remain constant
over the duration of the experiment; some of it may dissolve into the liquid phases. When
gravimetric measurements are used to determine fiuid saturations, the loss of entrapped gas
over the course of the experiment would indicate a lower residual saturation than is actually
present (for an organic liquid less dense than water).

Entrapped gas was eliminated by flushing the column with several pore volumes of degassed
water. As degassed water moved through the column, trapped gas dissolved into the water
phase and was carried from the column prior to beginning the experiment. The column gained
waeight as the pore space previously occupied by gas was then occupied by water. All entrapped
gas was assumed to be removed once the column weight stabilized.

Vari r Temperatur

The worst and most persistent problem encountered during this project was the inability to
control temperature variations in the laboratory. As the temperature in the laboratory fluctuated,
so too did the densities of the fiuids used in experiments, introducing error into gravimetric
determinations of fluid saturations. In addition, fluctuations in column weight had been observed
that were larger than could be accounted for by density effects alone. It is believed that as the
temperature rose, dissolved gasses came out of solution and were trapped in the soil — this gas
may have subsequently re-dissoived as the temperature fell. The appearance (and
re-dissolution of) trapped gas introduced additional temperature-induced error to that caused by
changes in density alone. This problem was especially acute when liquids containing volatile
components, such as gasoline, were used.

Large temperature fluctuations in the laboratory over the course of an experiment led to poor
reliability of the results. Residual saturations of Soltrol plotted against temperature variation
(Figure 28) illustrate the large range in residual saturations that were measured when
temperatures were not held constant over the course of an experiment. Resuits of experiments
conducted with small temperature variations (< 2°C) show much less scatter than experiments
conducted under less controlled temperature conditions.

To remedy the problem of fluctuating temperatures during the experiments, a constant
temperature cabinet was constructed. Experiments performed within the constant temperature
cabinet displayed a noticeably smaller variation of residual saturations than experiments
performed prior to completion of the cabinet.

Filter Integrity

Filters that aliowed only the wetting phase to pass through were often used to reduce
capillary end effects. If filter integrity was not maintained, end effects were not eliminated and
the non-wetting fluid could have become trapped in the reservoir behind the filter. In the
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column-flooding experiments, each filter was tested for integrity prior to use, and paper filters
were glued above them to reduce abrasions from the soil which could have caused leakage. For
experiments run at low flow rates, ceramic disks were sometimes used instead of filters because
of their greater durability.

Leaking Seals

The endcaps were sealed to the column using o-rings. Each apparatus was pressure tested
for leakage prior to use.

Qutlet End Reservoir

In these experiments it was assumed that no organic liquid was trapped in the outlet end
reservoir (top endcap), although this assumption was probably not entirely true. By keeping the
outlet end reservoir small — less than 1% of the column pore volume — the effects of trapping
within the reservoir were considered negligible.

Packing Variabil

Variable soil packing from one experimental trial to the next could have iead to some
variability in measured residual saturations. Determination of soil bulk density provided a good
measure of the ‘tightness’ of each packing, but says little about the uniformity of a hand tamped
column. Packing the columns in water undoubtedly produced some smaii-scale layering in the
columns, but greatly reduced the amount of time needed to for de-airing,

38
]
36
®
34 i
32 ‘ ® = completed experiment
Residual :
Saturation 30
(%) e o
zaL.
e o
26 °
S
24 LJ
®
22 [
20
0 2 4 6 8 10 12

Temperature Fluctuation (°C)

Figure 28.  Temperature range and its effect on the accuracy of results.
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Measurement error, due to the precision limits of measuring devices such as balances, were
estimated and propagated through the sequence of calculations. For example, calculations of
fluid saturations were dependent upon measures of fluid densities, soil particle density, total soil
weight, total column volume, and measures of the column mass at severai points in the progress
of an experiment. All these measures have some error (or precision fimit) associated with them
and these errors were routinely propagated through the calculations used to determine fluid
saturations. A worst case error approach (in which it was assumed all errors were additive) was
used. Since some measurement errors would be expected to cancel each other out, this worst
case approach was a conservative estimate of the total measurement error.

ADVANTAGES AND LIMITATIONS OF THE TECHNIQUE

The experimental apparatus and procedures used to measure residual saturations offered
several advantages. First, gravimetric measurements (which exploit the density difference
between the fluids to measure saturations) gave fairiy precise measurements of residuai organic
liquid saturations. In the saturated zone, residual saturation measurements for most of the fluids
were precise to within £ 2%. Measurements of residual saturation for Soltrol in the vadose zone
were aiso precise to about + 2%. Second, a short column with a semi-permeable membrane
yields relatively constant saturations over the length of the column with no capiliary end effect.
These features are especially important for the vadose zone measurements, because
measurements of organic liquid saturation in the vadose zone can be strongly biased by failure 1o
account for capillary end effects. All in all, the short column method used relatively simple
experimental procedures to provide fairly precise measurements of two- and three-phase fluid
saturations in soils.

One limitation of the experimental technique was the inability to apply it to fine-grained soils,
such as the Palouse loam. In the Palouse loam, the organic phase could not be injected with
enough pressure — a pressure equivalent to maore than seven meters of Soltrol was used — to
overcome the entry pressure for a non-wetting phase. Even if it had been possible to inject the
organic liquid with sufficient pressure, the entry pressure of the nylon fitter on the bottom endcap
might well have also been exceeded, resulting in failure of the filter. in order to accommodate
fine-grained soils, the apparatus would have to be re-designed as a high-pressure system,
including a high-pressure fluid delivery pump, a column built to withstand high pressures, and a
bottom membrane with a very high non-wetting phase entry pressure,

The inability to inject an organic phase into the Palouse loam did however demonstrated that
fine-grained, water-wet soils (which do not shrink in the presence of organics) ¢an serve as an
effective barrier to arganic liquid movement in the subsurface.

Another limitation of the experimental technique ocgurred in the vadose zone experiments.
Several trials of the vadose zone experiment were run using high applied suctions to measure the
saturation of organics left behind a front of organics percolating through the vadose zone high
above the water table. Additional vadose zone experiments were performed over a range of
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applied suctions. These experiments were run to give an idea of the saturation distributions that
can be expected in the transition zone between the saturated zone and the vadose zone.

Results from these transition zone experiments gave what is believed to be unreasonably
high equilibrium organic liquid saturations. The limitation of the experimental procedure was that,
during the organic liquid drainage step, water was unable to re-imbibe into the soil. Under low
applied suctions representing the capillary fringe and just above, re-imbibing water would have
displaced organic liquid resulting in lower organic saturations and higher water saturations than
the values that were actually measured.

The largest change in forces acting on the organic liquid occurs in the capillary fringe and just
above where the transition from the vadose zone to saturated zone conditions is most
pronounced. Unfortunately, the experimental procedurs used to measurs three-phase
saturations over this range was found to be inappropriate. This low suction range is important
particularly for organic liquids lighter than water because it is the zone in which organic liguids
spread, forming a lens on the water table.
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CHAPTER 5
PORE AND BLOB CAST EXPERIMENTAL METHODS

Bench-top short column experiments were performed with polymers and epoxy resins to
visualize non-aqueous phase organic liqguid movement and capiilary trapping in conditions
simulating the saturated and vadose zones. Resuits obtained featuring this method were
presented in Peplinski et al. (1989). A 3000 ppm CaCl, solution and styrene monomer modeled
the water and organic fluid phases, respectively, in the saturated zone experiments. The styrene
was then polymerized and, in some cases, the column was dissected for visual inspection of the
organic liquid phase distribution with a scanning electron microscope. The polymerized organic
phase was rigid and chemically resistant. At residual saturation the polymerized styrene was
disconnected into individual ganglia or blobs. These hardened styrene objects were referred to
as ‘blob casts’. In other experiments, the water was replaced with dyed epoxy resin after the
styrene had been polymerized. The column was cut then into sections and examined under an
epifluorescant optical microscope. These sections were referred to as ‘pore casts'. For vadose
zone conditions, dyed styrene and two epoxy liquids were sequentially applied, drained, and
hardened in an attempt to simuiate fluid distributions of water, organic liquid, and air. The
resulting pore casts were photographed under an epifiuorescent optical microscope.

This chapter begins by describing the columns used in these experiments foliowed by some
discussion about the fluids used. The experimental procedures for saturated zone conditions are
then explained, including comments on pre-processing the styrene, packing the column, and
dying and hardening the styrene and epoxy. A description of the experimental procedures used
in the vadose zone experiments concludes the chapter.

COLUMN DESIGN

The columns used to hold the soil sample in the styrene/epoxy resin impregnation
experiments were constructed from a 5 cm long Teflon cylinder (5 cm 1.D., 6.5 cm 0.D.}, and
two aluminum-Teflon endcaps with plug valves. A schematic of a column is shown in Figure 29.
Teflon was chosen for the columns because of its non-reactivity and ease of machining. The
endcaps were made of Teflon rod (7.6 cm in diameter, 3.8 cm lang) with 0.6 ¢m thick aluminum
plate screwed to the backs. An external groove was cut around the cylinder into which fita 10 cm
diameter aluminum split ring. Four threaded rods passed through the aluminum piates and split
ring and provided a means of attaching the endcaps by bolting them on. Four o-rings, one on
each end of the cylinder and one on each of the endcaps, securely sealed the column and
created a purely mechanical method of holding filters in place.

The inner face of the endcaps had radial and concentric grooves machined into them to allow
better fluid flow between the soil sample and the 1/16 inch endcap center hole. A fritted glass
disc (50 mm diameter, 5 mm thick) was fitted on top of the groove pattern of the lower endcap
as a support for filters. Plug valves were threaded through the aluminum plates and sealed
against the Teflon rod with o-rings.
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Figure 29. Exploded view of the Teflon Short Column,

A nylon filter with pore diameters of .22 um, held in place by an o-ring, was used on the
bottom endcap. It acted as a semi-permeable membrane: the filter would allow water to pass but
not a non-wetting phase, such as styrene. The nyion filter was covered with a paper filter to
prevent abrasion against the sand. A paper filter alone was used on the upper endcap to prevent
fine soil particles from leaving the column. In experiments which required epoxy drainage,
polyvinylidene difluoride filters (0.2 um pore size) were used in place of the water-wet nylon
filters,

- 58 -



ABOUT THE FLUIDS USED

The technique of using styrene or epoxy to represent wetting or non-wetting fluids in
indurated rock and bead packs has been used previously by petroleum engineers (Chatzis et
al., 1983, 1984, 1988; Yadav et al, 1987; McKeller and Wardiaw, 1988), but so far little work has
been done using this technique in unconsolidated soils. Styrene's immiscible behavior with
water, its low viscosity, and its ability to harden while in contact with water make it ideal for
simulating non-agueous phase liquid movement through soils. Styrene however, does have
several drawbacks; one of which was that although it initially has a low viscosity, once initiated,
the viscosity increases over time. This viscosity increase indicates that polymerization begins as
soon as initiator is added, albeit slowly(see Figure 30). Styrene also shrinks in volume by about
17% as it hardens (Boyer, 1970). The interfacial tension of the styrene with CaCl, solution was
found to remain constant over time (35.3 dynes/cm) even when initiator was added.

Dyes were added to the styrene in order to improve its visibility, but they changed fluid
properties. For example, 9,10-diphenylanthracene was added to styrene (0.6% by weight as
recommended by McKeller and Wardlaw, 1988) causing the styrene to fluoresce blue under
ultraviolet light. Addition of the dye caused the interfacial tension (IFT) with CaCl, solution to
decrease from 35.3 = 0.3 to 30.9 = 3.0 dynes/cm, and also affected the change in viscosity
over time, as shown in Figure 30.

Tracon’'s Tra-Bond® 2114 epoxy was aiso used in several experiments to represant a fluid
phase. Rhodamine B, a red-orange fluorescent dye, was dissolved in benzyl alcohol and added
to the Tra-Bond® 2114 epoxy. The addition of benzyi alcohol to this resin (40% by weight) caused
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Solid — styrene and benzoyl peroxide
Dashed — styrene, benzoyl peroxide, and
6.0 9,10-diphenylanthracens dye [
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Figure 30.  Viscosity of initiated styrene versus time.
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interfacial
tension
with 0.3% surface
density viscosity CaCl, solution tension
liquid (g/cm3) (cP) (dynes/cm) (dynes/cm)
aqueous not
phase 1.000 4 0.002 0.98 + 0.01 applicable 72.0 + 0.4
styrene 0.903 + 0.002 0.81 + 0.01 35.3+ 0.3 31,9+ 0.3
Tra-Bond®
2114 1.2 (factory) 597 (factory) <2 40.9 + 0.5
Table 3. Properties of fluids used in pore and bioh cast visualization experiments. All

measurements were taken at 23°C.

a dramatic decrease in the resin's viscosity but only a slight decrease in its surface tension. The
addition of benzy! alcohol reduced the viscosity to about 50 cP and decreased the surface
tension to 38 + 1 dyne/cm.

A 3000 ppm CaCl, solution was used as the agueous phase in all the saturated zone
experiments. Properties of the fluids used are given in Table 3. Measurements of the fluid
properties were performed following procedures outlined in Chapter 3. The Sevilleta sand was
used in ali the experiments. Its properties are also reported in Chapter 3.

SATURATED ZONE EXPERIMENTAL PROCEDURES

Packing and De-airing

Both homogeneous and heterogeneous sand-pack experiments were performed in the
Teflon columns. The packing and de-airing procedures for the homogeneous case are reviewed
first, followed by the heterogeneous case. Equations are then presented for calculating pore
volume, bulk density, and bulk porosity of the packed sand.

Homogeneous packing

Before packing a column with soil to be used in a homogeneous saturated zone experiment,
the lower endcap with filters was tightly bolted to the Teflon cylinder, and the cylinder and endcap
were attached to an 18 cm Hg vacuum. Then the column was inverted and placed in a large
beaker of CaCl, solution. Liquid was drawn through the filters, fritted glass disc, and associated
plumbing to saturate them with water (see, e.g., Figure 22). When air bubbles were no longer
observed, the column was removed from the vacuum and the filters checked visually for
integrity. The water-wet filters should have prevented the flow of the non-wetting air phase. if the
filters did not allow air to penetrate, the whole column was dried and weighed.
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Next, the column was packed with soil using procedures similar to those presented in
Chapter 4. Once the soil was packed to within about 2 cm from the top of the cylinder, capillary
rise was used to saturate the soil t0 prevent the overflow of water and soil from the column
(because the soil was packed fiush with the top of the cylinder). The mass of soil in the column,
M;, was recorded. O-rings and a paper filter were placed on the cylinder and the upper endcap
was lowered onto the column and bolted on. Entrapped air was removed from the coiumn by
flushing with de-aired CaCl, solution.

Heterogeneous packing

The heterogeneous sand pack column experiments were performed using the Sevilleta
sand, spiit with a size 50 sieve into coarse and fine portions. The finer fraction was used as a
matrix to surround 3 stringers or ienses, composed of the coarser fraction. The stringers were
roughly circular in cross-section. The major difference in packing technique between the
homogeneous and the heterogeneous cases was that the heterogeneous columns were packed
dry. The Teflon cylinder and water saturated bottom endcap were assembied as described
earlier, in the homogeneous packing procedures, but no CaCl, solution was allowed to fiow into
the column while it was being packed.

A 6 to 7 mm thick layer of the fine sand was placed on the bottom of the column assembly
and three paper cylinders were pushed down into it. Then the fine sand fraction was carefully
poured and packed around the paper forms, so as not to collapse them, until the level of the
sand was 3/4's of the way to the top of the column, At that point the coarse sand was packed into
the paper cylinders. They were filled to approximately 6 to 7mm from the top of the column. The
rest of the matrix was then filled with the fine sand. The three paper forms were slowly pulled out
of the column and any remaining volume was filled with the fine sand.

CaCl, solution was then pushed upwards, through the bottom endcap, wetting the sand.
Setiling of the sand was observed, and more fine sand as added to the top of the column. When
the sand-pack was totally wetted, the upper endcap was attached and de-aired CaCl, solution
was flooded through the column to remove entrapped air. These same methods were used for
heterogeneous packings in the short column experiments described in Chapter 4.

Calculated quantities

At the conclusion of the de-airing procedure several useful quantities could be calculated.
‘The pore volume of the column, V,, the volume occupied by soil in the column, V,, and the total
column volume, V., , were determined by:

y, = M=M= M, (31)
0w
y, = Ms (32)
o
Vi=V,+ V- (33)
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where: M, = total column mass at the conclusion of de-airing (g)

M, = mass of soil (g)
M. = apparent weight? of the empty column (g)
0w = density of the water phase (g/cm?3)

0s = particle density of the soil (g/cm3)

The bulk density of the soil, @», and the porosity, n, were determined from:

M,
=M 34
[ V. (34)
Vo
- 35
n v _ (35)

rene Prepr in

Styrene monomer is commonly sold containing an inhibitor to prevent polymerization during
transport and storage. inhibitor removal columns developed by Aldrich Chemical Company were
used to remove 4-tert-butylcatechol inhibitor from the styrene.

Inhibited styrene, held in a separatory funnel, was siowly dripped into the column and then
collected in a beaker or flask at the bottom of the column. Each inhibitor rermoval column has the
capacity to remove inhibitor, at 15 ppm, from up to 4 liters of styrene. The uninhibited styrene
was weighed and benzoyl peroxide, 1% by weight, was added as an initiator. Benzoyl peroxide
was chosen as an initiator because it was found to preserve the water wetness of the soil sample
(Chatzis and Morrow, 1984). Dyes were then added to the styrene.

r Fi in

The initiated, dyed styrene was transferred from the flask to a 100 ml buret which was
attached to the upper endcap of the de-aired column. To eliminate the possibility of air entering
the column, the column was first inverted and the tubing attached whiie a slow stream of styrene
flowed from the buret. The column was righted and the styrene elevated to a head of
approximately 1 meter above the column. Valves on the water and styrene burets, and those on
the column, were opened and styrene fiowed into the column, as illustrated in Figure 31. During
the flooding, the head on the column decreased as styrene left the buret. Water, displaced by
the styrene, passed through the nylon filter and left the column via the lower endcap.

Experiments with Soltrol-130 have shown that the column-buret system actually required
close to 48 hours before residual water saturation was reached. However because initiated

2. Apparent column weight is the weight of the column with only the main cavity of the column
empty. To measure this weight, all component pieces of the column were weighed
separately and summed to obtain a total weight. The endcaps were weighed when water
filled.
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Figure 31. Experimental setup of a styrene flood.

styrene’s viscosity increased with time, it seemed prudent to complete the entire experiment
within 24 hours of initiation to avoid the possibility of inducing viscous fingering during the
waterflooding step. Besides, many organic liquids of interest generally have viscasities close to
that of water.

The styrene flood was continued for 18 hours. At the conclusion of this step, the outflow
tubing and buret were checked to see that no styrene was produced. Styrene in the outfiow line
indicated a leak in the filter, invalidating the experiment. The Teflon column was weighed and the
mass recorded as M, . The fluid saturations were caiculated from equations (20) and (21). It
should be noted that these saturation measurements were not nearly as precise as those made
in the short glass chromatographic columns (Chapter 4). Less precision was achieved because
the density difference between styrene and water was not as large, and because the Teflon
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column was heavier than the glass column and had to be weighed on a larger capacity (less
precise} balance.

Organic saturations using styrene commonly reached values of 70 = 6%. In experirments with
Soltrol-130, S, values were commonly around 85%. Clearly, the water had not yet been
completely reduced to its residual saturation.

Water Fi in

Following the organic liquid flood, the column was flooded with water to displace the organic
liquid. The water buret was raised to a head of approximately 1 meter and all the valves in the
system were opened. The coiumn was flooded from bottom to top to promote a stable
displacement of the less dense organic liquid. A total of 6 to 7 pore volumes of CaCl, solution
were flushed through the column in order to ensure that the styrene had been reduced to its
residual saturation. At the conclusion of the waterflood, the column was weighed, the mass (M;)
was recorded, and the residual organic liquid saturation was determined from equation (22).

Observed residual styrene saturations for the Sevilleta sand, following this procedure, were
generally 15 £ 7%. These values were significantly lower than those observed with Soltrol-130
(about 27%; see Chapter 7) and refiect, in part, procedural differences between the two sets of
experiments. For a more complete discussion of the styrene two-phase residual saturation
measurements see Appendix B.

rene Polvmerization

The styrene residuais were hardened by placing the column in a pressure vessel,
pressurizing it to 80 psig and then heating the vessel at 85 degrees centigrade for 40 hours.

About eight liters of de-aired CaCl, solution were poured into the pressure vessel. The
column was placed into the pressure vessel with the valves on both ends open. Enough CaCl,
solution was added to cover the column with liquid. The liquid acted to prevent air (especially
oxygen) from entering the sand pack and interfering with the polymerization reaction.

After the lid of the pressure vessel was sealed, a 80 cm Hg vacuum was applied to the head
space to evacuate as much atmosphere as possible. The vessel was then connected to a dry
nitrogen source and pressurized to 80 psig. Following pressurization, the vessel was submerged
under water to check for leaks in the seal. If no leaks were detected, the vesssl was placed in a
laboratory oven and heated to polymerize the styrene.

f Styvrene Residual

To complete the saturated zone simulation, either the styrene blobs were removed from the
sand matrix or the water phase was replaced by an epoxy. The first method produced individual
styrene residual ‘biob casts’, whose shapes and sizes were viewed optically or with a scanning
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electron microscope. The second method vyielded polished epoxy slabs, the ‘pore casts’, in
which the relationships between soil grains, the wetting phase, and the non-wetting phase were
studied.

Blob casts

The styrene blob casts were removed from the matrix by dissolving the sand grains with
acids. A small portion of the styrene-sand pack was carefully removed from the column with a
spatula, placed in a Teflon beaker, and dried. The dry sample was covered with one of several
concentrated acids and allowed to dissoive for several days after which the sampie was filtered
through a Teflon filter, washed with water, and covered with another acid. This process was
repeated with concentrated hydrofiuoric acid, sulfuric acid, nitric acid, hydrochioric acid,
phosphoric acid, and chromic acid until essentially ali of the matrix had been dissolved, leaving
only the hardened styrene blobs along with some insoluble inorganic residue. Several styrene
blob casts, as photographed with a scanning electron microscope, are shown in Chapter 7
(Figures 63 and 64).

Initially, it was hoped that a large number of the blob casts could be statistically analyzed to
determine the size and shape distribution of the residual organic saturation. Although the styrene
blob casts were chemically resistant, they were quite brittle. The transfer of a blob from filter
paper to a microscope slide for observation often resulted in the breakage of the biob. It was not
clear that the blob casts recovered from the acid bath were whoily unbroken. For this reason, it
was decided not to conduct the statistical study.

Pore casts

To construct the pore casts, the column was taken out of the pressure vessel and the top
endcap was removed. The column and endcap were placed back in the oven at 75-80 degrees
centigrade and allowed to dry for 48 hours. The dried column was reassembied and attached to
a pressure vessel filled with rhodamine B dyed Tra-Bond® 2114 epoxy resin. Resin was forced
through the soil sample from the bottom of the column with air pressure. Four or five pore
volumes of resin were forced through the column in order to remove as much air as possible.
Time was of the essence, since the epoxy would generaily harden within 1 hour. Twenty-four
hours were allowed for the epoxy to properly set. The consolidated core was then removed from
the column by cutting longitudinalily through the teflon sieeve in two spots, and peeling the teflon
away.

Rock saws were used to section the core. The face of a section to be analyzed was covered
with a thin layer of undyed epoxy to fill in holes left by plucked grains, and to create a solid
surface for polishing. To remove air bubbles from the still-wet epoxy, the section of core was
placed in a vacuum dessicator for 5 minutes under a 60 cm Hg vacuum. Once the epoxy layer
dried, lap wheels were used to grind the epoxy layer down to a flat surface. Smaller sections of
the core were easier to polish and hence provided better optical surfaces. 220 and 400 grit
powders were used to remove the majority of the epoxy coating, and 10 minutes of polishing with
14,5 um and 9.5 um grit provided the final surface. :
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Photomicrography was performed using either a Zeiss SR stereoscope or a Nikon Opti-Phot
epifluorescent microscope system. Examples of these photomicrographs are shown in
Chapter 7 (see for instance Figures 61 and 62).

VADOSE ZONE EXPERIMENTAL PROCEDURES

Attempting to simulate organic liquid transport in the vadose zone using styrene and epoxies
presented several difficulties. in the vadose zone, there are three fluid phases: water, air, and
the organic liquid. In these visualization experiments, all three phases obviously could not be
fluid sirmultaneously since most epoxies and styrene monomer are miscible. It was decided to
simulate the three fiuid phases by a sequence of two phase experiments in which the wetting
phase of each experiment would be hardened. Styrene was used as the wetting phase
(representing water), and nitrogen was used to drain the styrene to a residual saturation. The
styrene was then hardened. An epoxy was then flooded into the column and drained with gas to
simulate the advance and subsequent drainage an organic contaminant moving through the
vadose zone. And finaily, the remaining gas-filled void space was filled with a second epoxy $o
that it too would show up in the photographs.

This approach raised a question about surface energies. In this experiment, styrene (acting
as a wetting phase) was drained to some residual saturation and hardened. As the epoxy
(representing the organic phase) moved through the column, it interacted with this (extremely)
immobile ‘wetting phase’. So the question is this: How much difference is there between the real
system (a liquid-liquid interaction between an intermediate-wetting phase and a liquid but
stationary wetting phase) and an approximation to that system (a liquid-solid interaction between
an intermediate-wetting phase and a now solid styrene)? in each case the intermediate-wetting
phase would be more wetting than the air phase and tend to spread on the surface in order to
decrease the surface energy of the system. This second phase would tend to spread over the
surface of the ‘wetting phase’ whether the surface is a solid or a liguid. A wetting phase at
residual saturation may not be as immobile as a solid, yet simple wetting experiments have
shown that a less-wetting liquid will not completely displace a wetting liquid from a surface;
rather, a film of the wetting phase will continue to exist between the solid surface and the
less-wetting phase. So in this sense, a solidified wetting phase may be a reasocnable
. approximation of a fluid wetting phase, as long as flow in the wetting phase is not significant
(Amaufule and Handy, 1982). Granted, there are differences between a liquid propagating over
a solid surface versus a liquid surface, but it is believed that there is a similarity between the final
distribution of the fluids in the real system and the approximation to that system.

Wetting Phase

Styrene was used to represent the wetting (agquecus) phase in these three-phase
polymerization experiments. But because oxygen interferes with styrene polymerization, the
Column was packed under styrene inside a glove bag containing a nitrogen atmosphere. The
glove bag was connected to a tank of dry nitrogen, inflated, and purged to remove any air. The
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dyed and initiated styrene, the sand, the pressure vessel, and the column were put into the bag
and the bag was purged twice more. A vacuum line and a line of tubing attached to a buret were
punched through the side of the bag. With these lines, styrene could be removed from, or
introduced into, the bag.

Using the vacuum line, styrene was pulled through the bottom endcap of the column to
purge gas from behind the nylon filter. Styrene, which had passed from the column, through the
vacuum line to a reservoir outside the glove bag, was transferred to the buret, which in turn was
attached to the lower endcap of the column. The styrene in the buret was used to pack the
column in a method similar to that described earlier, for the saturated zone column.

After column packing was completed, a paper filter was placed over the sand and the upper
endcap was bolted on. Approximately five pore volumes of styrene were pushed from the buret
upward through the column and out to the reservair on the vacuum line. Nitrogen trapped in the
sand pack was removed in this manner. After the styrene flooding, the column was considered
saturated.

Draining styrene from the column to a residual wetting phase saturation was achieved by
simply lowering the styrene buret beneath the column to apply a suction. Styrene drained
through the nyion filter to the buret while nitrogen entered the column through the upper endcap.
Initially, the styrene level in the buret was lowered to 50 cm below the column. After 1 hour, the
buret was lowered another 25 cm and the column was allowed to drain for for 2 more hours.

The residual styrene was polymerized by heating as in the saturated zone experiment. The
column was placed into the pressure vessel while still within the glovebag, so that the nitrogen
atmosphere was maintained. Once the pressure vessel was sealed, it was removed from the
glove bag, pressurized, and heated in an oven as before.

Intermedi Wetting Ph

After the styrene had been polymerized, the Teflon column was disassembled and cleaned.
Hardened styrene clogged the fritted glass disc, froze the plug valves, and filled the grooves in
the endcaps. Soaking the valves and endcaps in toluene dissolved the styrene. The fritted glass
disc was discarded. A new fritted glass disc and new filters were used to reassemble the
column. A 0.2 um polyvinyiidene difiuoride filter was used in place of a nylon filter in this step
because it was found that the Tra-Bond® 2114 resin used to represent the arganic phase wetted
the polyvinylidene difluoride filter better, and therefore better drainage of the resin could be
attained.

The resin (containing rhodamine B dye, 0.5% by weight, and benzyl alcohol, 40% by weight)
was pulled under a vacuum intc a small stainless steel pressure cylinder. The upper end of the
cylinder was removed from the vacuum and reattached to a source of dry air with a pressure of
40 psig. The lower end of the pressure cylinder was connected with tubing to the bottom end of
the reassembled column, as shown in Figure 32. A short length of tubing led from the upper
endcap of the column to a drainage beaker. The applied air pressure forced resin upwards
through the lower endcap displacing air. Approximately one pore volume of the maoderately
viscous resin could be forced through the column in a 45 minute period.
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Figure 32. Intermediate-wetting phase flood.

The column was drained by turning off the air source, removing the upper drain tubing, and
attaching a vacuum line to to pressure cylinder. Thirty em Hg of suction were applied to the
cotumn. The column was drained until excess resin in the drainage beaker showed signs of
hardening (about 1 hour after the hardener was added to the resin). At that time, the valves on
the column were closed and the pressure cylinder was disconnected from the system.

The epoxy was allowed to cure for 24 hours, after which the column was disassembled and
cleaned. Benzyl alcohol was used to flush epoxy from the pressure bottle and to dissoive epoxy
from within the endcaps.

Non-Wetting Phase

The third fluid phase to be added to the column represented the non-wetting air phase. Again
Tra-Bond epoxy was used, but this time it was dyed with coumarin 6. Preliminary experiments
indicated that the epoxy resin’s liquid phase would not react with its solid phase.

This step was the easiest of all. The dyed epoxy was pulled into the stainless steel pressure
cylinder, as described earlier, and flooded into the column through the bottom endcap until it
was produced from the top.

Once the core had cured sufficiently, the teflon cylinder was cut away and the core was
prepared for observation as ‘pore casts’, as described previously for the saturated zone
experiments.



ADVANTAGES AND LIMITATIONS OF THE TECHNIQUE

The advantage of this technique is that it is possible to observe the distribution of the
ditferent fluid phases within the pore space. Like with the micromodels discussed in the next
chapter, the fluid distributions may be observed in both a bulk sense and within individual pores.
Because the fluids eventually become solidified, one can only see a ‘snapshot’ of the flow
behavior using this polymerization technique. However, the advantage over micromodeis (in
which the the actual displacement process can be observed as it is unfolding) is that here the
fluid distributions can be observed in a real soil. Such a soil has three-dimensional pore
interconnsections, irregularly shaped pores, and rough surfaces which are not found in
micromodels.

Without access to image analysis equipment, these biob polymerization techniques are only
marginally guantitative. The precision for residual organic liquid saturation measurements were
commonly in excess of + §%.

As discussed in Chapter 9, difficulties in attaining complete drainage of the organic liquid
surrogate in the three-phase experiment presented a problem. And as was pointed out in the
vadose zone experimental procedures for this technique, there is some question as to whether
solidifying the wetting phase prior to introduction of the intermediate-wetting phase gives
realistic fluid distributions.

Still, the pore and blob casts give important information about the distribution of residual
organic liquids within the pore space. And as is discussed in Chapters 7 and 9, the distribution of
fluids within the pore space has implications to dissolution, volatilization, and biodegradation of
residual organic liquid contaminants.
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CHAPTER 6
MICROMODEL EXPERIMENTAL METHODS

Micromodels are physical models of a pore space network, created by etching a pattern
onto two glass plates which are then fused together. The pores have complex three dimensional
structure, although the network is only two dimensional, The advantage of performing
multiphase flow experiments using micromodels is that they give us the ability to actually see
fiuids displace one another both in a bulk sense and in individual pores. Photographs of the entire
model allow examination of the bulk displacement processes, while photomicrographs taken
through an optical microscope permit observation of details on a pore level. Etched glass
micromodels provide an excellent method with which to study the mechanisms controlling the
transport and capillary trapping of organic liquids because the structure of the pore network and
the wettability of the system can be closely controlled (see e.g. Chatzis et al., 1983: Wardlaw,
1982). The complete set of results obtained using this method was presented in Mason et al.
(1989b).

This chapter is begun by describing the micromodel fabrication process. The experimental
procedures for saturated zone conditions are then explained, followed by a description of the
experimental procedures used in the three-phase experiments.

MICROMODEL CONSTRUCTION

A giass mirror, stripped of its protective enamel backing to reveal a copper layer, was
coated with a photosensitive resin. A transparency of a desired pore-network pattern was placed
on the coated mirror surface and was exposed with ultraviolet light. The unexposed resin
beneath the opaque portions of the pattern was removed with xylene. The copper beneath the
pattern was removed with nitric acid, and the glass beneath the copper was etched with
hydrotluoric acid (HF). A mirror-image pattern was etched on another piece of mirror, and the
two etched halves were fused together in a muffle furnace to form the completed micromaodel,
The micromodel construction procedures described in this report were modifications of those
methods developed by Eastman Kodak (1975, 1979).

P n Pr ration

Pore-network patterns were created by modifying commercially available drafting pattern
fiims with drafting pens. A local photographer reduced each pattern to a standard size and
transtferred it and a mirror image onto plastic transparencies. The emulsion side of each
transparency contacted the coated glass plates; transparencies laid emulsion-side up on a plate
allowed too much light to leak under the pattern during exposure to UV light. The patterns
included ‘reservoirs’ at each end of the network through which fluids were added and removed in
the completed micromodel. An example of a pore-network pattern is shown in Figure 33.
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Figure 33. Pore-network pattern for the homogeneous model.

Mirror Preparation

Ordinary mirrors are manufactured by coating a piece of glass first with a silver layer, then a
copper layer, and finailly a protective enamel backing (see Figure 34). Mirrors were used in
micromodel construction as a matter of convenience: the copper layer provided a binding
surface for the photosensitive resin described in the next portion of this chapter, and the enamel
backing served to protect the copper during transport and storage.

A § X 8 inch piece of mirror glass was prepared for coating with resin by first placing it,
enamel side up, in a hot 50% by weight solution of NaOH to remove the protective backing. The
solution was kept as hot as possible without actually boiling (approximately 80°C). During the
next 5-10 minutes, the integrity of the enamel was tested by gentle scraping with teflon tongs.
When the backing scratched easily, the mirror was taken from solution and the enamel was
removed from the plate by gentle rubbing with a gloved hand under a stream of hot tap water. If
the plate was left for greater times in solution, the backing slid off easily with no rubbing
necessary; however, for these longer soaking times, the NaQOH slightly corroded the copper
beneath the enamel layer. If any enamel was left on the plate after the rinse, the affected portion
was reinserted into the solution for a short time and then re-rinsed. Some experimentation was
necessary to find a brand of mirror with enamel that could be removed completely and easily.
(The backing can be easily stripped from Willard mirror glass, for instance.) After the backing
was removed, the plate was rinsed with distilied water and dried in an 80°C oven (Figure 35).
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Figure 34. Mirror construction.

copper
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Figure 35. Mirror with enamel removed to reveal copper surface.

Pattern Exposure

Kodak Thin Film Resist (KTFR), an ultraviolet-sensitive resin, was used to transfer the
pore-network pattern to the mirror surface. Iin a darkened room, 1 part KTFR by volume to 2 parts
xylenes were mixed. A mirror plate stripped of its protective backing was held horizontally,
copper side up, and coated with approximately 10 ml of resist mixture. The plate was tipped in
various directions to evenly distribute the resin over the copper surface in a layer of uniform
thickness (see Figure 36). The plate was tilted vertically and aliowed to air dry until the coating
was no longer sticky to the touch (generally 20-30 minutes). If long HF etching times were
expected, the plate was baked in an B0°C oven for 10 minutes to help the resin adhere to the
copper surface. The disadvantage of baking was that the resin was difficult to remove in later
steps. Unused coated plates were stored in a dark place.

After the coating was dry, the patterned transparency was placed emulsion-side down on the
coated mirror surface, covered with a clear piece of glass to ensure good contact between the
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photosensitive rasin

copper

Figure 36. Copper surface coated with Kodak Thin Film Resist {(KTFR).

pattern and the surface, and placed under a 1600 microwatt per centimeter long-wave ultraviolet
light source at a distance of 25 cm. The assembly was exposed to the UV source for
approximately 12 minutes as illustrated in Figure 37.

Exposure times were found to be a function of the thickness of the resin coating, the intensity
of the light source, and the distance of the light source from the plate. A thick coating (an
undiluted KTFR mixture) better protected the non-pore areas from HF during the etching step but
required greater exposure times than for a thin coating. However, thin coatings made by diluting
KTFR with xylene reproduced fine details more faithfully and required smaliler exposure times
than for thick resist layers. It was also found that exposure time decreased with a shortened
distance between the light source and the model, and with increased intensity of the light source,

ultraviclet light source

patterned
transparency

KTFR coating

Figure 37.  Pore-network pattern exposed with UV light onto coated copper surface.

-3 -



resist removed to reveal copper layer

exposed resin
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Figure 38. Pore-network pattern exposed on the resin coating.

Exposure times were aiso affected by the age of the resin — the older the resin, the longer the
exposure times needed.

When the exposure was compiete and while the room lights were still dim, the plate was
removed from under the UV light and the surface was sprayed with xyiene. The plate was tipped
back and forth for about 1 minute to wash away the undeveloped resist representing the
pore-network pattern (see Figure 38). The plate was rinsed with warm tap water, then distilled
water, after which the normai room lighting was restored. If the pattern was not visible, more
xylene was applied, and the plate was rinsed again. The plate was shaken to remove excess
water dropiets and was placed in an 80°C oven for 10 minutes. The plate was removed from the
oven and cooled before the next step.

hing th r

The cooled model was placed in a 50% by weight solution of HNO, for approximately 10
seconds, or until the copper and silver layers unprotected by resist (the pore-network pattern)
had dissolved to reveal the underlying glass surface, as iliustrated in Figure 39. The plate was
rinsed quickly with cold tap water and then with distilled water. After the plate had been dried in
an B0°C oven, the pattern was. examined under a microscope for imperfections. Small
undissolved portions of the network were removed carefully with a dental tool or scriber. If
necessary, the plate was re-dipped in the HNGO,, then re-rinsed, to remove copper and silver left
in the network after the first acid dip.

hing_th rn_in_th |

Ail areas of glass that were to remain un-etched, such as the model edges and back, were
coated with excess resist mixture and allowed to dry. The model was placed pattern-side up in a
tray of concentrated HF for about 15 minutes. Longer etching times were used for models
requiring deeper pores. When the model was removed from solution, it was promptly rinsed in
cold water, and the network was scrubbed with a wire brush to remove siliceous deposits formed
during etching. The resist was removed with a razor blade, the copper and silver with HNO,, and
the model was washed with detergent, rinsed with distilled water, and allowed to dry.
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copper and silver layers removed
to reveal glass beneath network

exposed resin

copper

Figure 39. Copper and silvers layers under the pore network pattern removed to reveal
the underlying giass plate.

M A mbt

- A mirror-image micromodel half was produced by the above methods using a mirror-image
transparency. Inlet and outlet ports were drilled with a diamond drill bit in the reservoir areas of
one of the plates. The two halves were aligned under a microscope, and cyanoacrylate glue was
wicked in between the plates from the edges to temporarily hold them together. The model was
placed in a muffle furnace and fused at 720°C for 15 minutes. Longer fusing times resulted in
smoother, smaller pores; however, if a model was left too long in the furnace, some of the pores
closed and the network became disconnected.

A completed micromodel has pores that are rather eye-shaped (Figure 40). During
multi-phase displacements, the most wetting phase tends to preferentially fill the wedges on
gither side of a pore — in a sense mimicking behavior in naturat soils in which the wetting phase
tends to remain as pendular rings at grain-to-grain contacts,

MICROMODEL EXPERIMENTAL PROCEDURE

In the two-phase micromodel experiments, an initially water-saturated micromode! was
flooded with Soltrol at a prescribed rate to simulate the movement of an organic liquid into the
saturated zone. After the fluid saturations stabilized, the model was flooded with water at low
velocity. The organic liquid still in the model after water injection remained as residual saturation.,
The two-phase experiments represented a scenario in which an organic liquid percolated into the
saturated zone, then was displaced by ambient groundwater flow, and finally was left behind as
residual organic liquid saturation.

In the three-phase experiments, an initially water-saturated micromodel was drained with air
under an applied suction. The magnitude of the applied suction determined the water saturation
remaining in the model. Organic liquid was then injected into the column under low-fiow
conditions, simulating the infiltration of organic poliutants into the vadose zone. After equilibrium
conditions were reached, the organic liquid was again drained with air. The three-phase
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MICRONS

Figure 40. SEM photomicrograph cross-section of a typical pore in a micromodel.

experiments represented a scenario where an organic liquid percolated through the vadose zone
to the water table, leaving behind trapped organic liquid.

During displacements, a capillary end effect was sometimes observed at the outflow end of
the model (see Figure 55a, for example). A cure to this end effect problem was devsloped
rather late in this study. The pore-network pattern was altered so that it inciuded a series of small
pores in one of the end reservoirs (Figure 41). These small pores which served as a capillary
barrier would be similar in function to the capillary barriers described in Chapters 4 and 5. Only
the three-phase experiments have been run in a micromaodei having such a capillary barrier.

Eluid Preparation

The fluids used in the micromodel experiments were air, water, and Soltrol-130. The
aqueous phase was prepared by combining 10 milliliters of blue food color with one liter of
distilled water. The organic phase was prepared by combining 0.90 grams Oil Red O with one liter
of Soltrol-130 and then by straining the mixture through a coarse paper filter. The micromodels
were cleaned with chromic acid, thoroughly rinsed with distilled water, and were saturated with
the agueous phase prior to the experiments.

Two-Phase Experimental Progedure

The micromodels were initially saturated with water by connecting each one to a circulating
pump and a reservoir of the agueous phase as shown in Figure 42a. Water was then flushed
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Figure 41.  Photograph of a capillary barrier built into one end of a micromodel.

through the model until all entrapped air was removed. Then, Soltrol was injected at a prescribed
rate into each model using a syringe pump. After the fluid saturations stabilized, the syringe
pump flow direction was reversed and the model was flooded with water. Capillary forces
trapped the some of the organic liquid as immobile, disconnected blobs,

Micromodels were oriented either vertically or horizontally during the two-phase
experiments. For vertically-positioned micromodel experiments, the syringe pump was
connected to the top fitting of the model and was flooded with Soltrol from the top to the bottom
(Figure 42b). In the horizontally-oriented experiments, the syringe pump was arbitrarily
connected to the left fitting and Soltrol was flooded into the model from left to right (Figure 42c).
The pore networks shown in Figures 33, 43, and 44 were run vertically. The network in Figure 45
was run in both the horizontal and vertical positions.

Three-Ph Experimental Pr r

As in the two-phase experiments, the micromodels in the three-phase experiments were
de-aired with a circulating pump. With the model positioned vertically, the micromodel was
drained with air into a buret. The fluid level in the buret was positioned such that sufficient suction
was applied to drain the mode! but not s6 much so that air was able to pensetrate the capillary
barrier at the bottom of the model! (Figure 46a). In the next step, the syringe pump was attached
to the model's top fitting and organic liquid was introduced into the top of the model to simulate
the infiltration of an organic liquid into the unsaturated zone (Figure 46b). As organic liquid was
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Figure 42.  Two-phase micromodel experimental set-up.

Figure 43.  Pore-network pattern for the ‘aggregated’ model.

injected, sufficient pressure was generated to force air through the capillary barrier and out of
the model. After the fluid saturations stabilized, the syringe pump was disconnected and the
buret reconnected. In the final step, hydraulic connection between the capillary barrier was
re-established and the micromodel was once again drained with air.
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Figure 44. Pore-network pattern for the ‘layered’ modael,

Figure 45. Pore-network pattern for the ‘lens’ model.
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Figure 486, Three-phase micromodel experimental set-up.

ADVANTAGES AND LIMITATIONS OF THE TECHNIQUE

The attractiveness of performing muiti-phase flow experiments in glass micromodeis is that
we can actually see the fluids displace one another. Micromodels provide an excelient method
with which to study muiti-phase flow behavior because the structure of the pore network and the
wettability of the system can be closely controlled.

The biggest limitation of using micromodels is the lack of quantitativeness. Fluid saturations
cannot be accurately measured without image analysis capabilities. Further, it is difficult to
measure media properties such as hydraulic conductivities, characteristic curves, or on a
smaller scale, the dimensions of individua! pores. And of course, the micromodels suffer from
having regularly shaped pores and two-dimensional interconnections between pores.
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CHAPTER 7
SATURATED ZONE RESULTS IN HOMOGENEOUS MEDIA

Figure 47 depicts the portion of the aquifer that includes residual saturation in the saturated
zone. For an organic liquid more dense than water (left below), the slug of organic liquid lsaves
behind a trail of capillary trapped residual as it makes its way downward toward the bottom of the
aquifer, and then laterally along that barrier. Within and below the capillary fringe the trapped
organic liquid shares the pore space only with water. When an organic liquid less dense than
water reaches the water table, the weight of the organic phase can depress the water table (right
below). Later, as the organic phase redistributes laterally and the water table rebounds, trapped
organics are left behind within the saturated zone. During this redistribution, laterally moving
organic liquid can be trapped within the capillary fringe. A rising water tabie can also lead to this
same type of organic liquid trapping of a ‘floater’ in the saturated zone,

Organic liquid movement and capillary trapping in the saturated zone is presented over two
chapters. This chapter deals with homogeneous media, while Chapter 8 deals with

>¢ 4 ’S\pé ground surface

Jg) e

floating organic

capillary
fringe

— o,

liquid

\ water table

residual
organic
liquid
saturation,
in the
saturated

SATURATED
ZONE

flow

Figure 47.  Schematic of residual organic liquid trapped in the saturated zone.
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heterogeneous media. This chapter begins by presenting measurements of residual saturations
from the short column experiments. In this series of experiments, residual saturations were
measured for several soils and over a range of organic-phase fiuid properties.

Following the presentation of these quantitative results, the results of several flow
visualization experiments are presented. The micromodel experiments allow us to look more
carefully at the actual displacement process leading up to capillary trapping of organic liquid
contaminants. The similarity of pore cast and blob cast results to those of the micromodel
experiments gives confidence that immiscible displacements in micromodels are reasonable
representations of how these displacements occur in actual soils.

In both sections of this chapter, the results are related to theoretical explanations of trapping
mechanisms at work on a pore scale. Throughout the chapter the implications of the resuits for
contaminant transport and the cleanup of organic pollutants in the saturated zone are discussed.

QUANTITATIVE MEASUREMENTS OF RESIDUAL SATURATION IN SOIL COLUMNS

Quantitative measurements of residual saturation were made in short soil columns, as
described in Chapter 4. Briefly, in each experiment an initially water saturated soil column was
first flooded with an organic liquid to simulate the movement of an organic liquid into the
saturated zone. The injection pressure was held low enough to prevent the organic liquid from
passing through a water-wet filter at the lower endcap of the column. As can be seen later, this
boundary condition, which reduces the possibility of capillary end effects, is different than that
used in the micromodel experiment. After the fluid saturations stabilized, the column was
flooded with water at a low velocity. Six pore volumes of water were found to be more than
sufficient to reach a stable organic liquid residual saturation. As documented in Chapter 4, fluid
saturations were determined gravimetrically using the density difference between the fluids.

Organic liquid saturation is measured as the volume of organic liquid per unit void volume,
measured over a representative elementary volume of the porous media:

S, = M (36)

Vvoc‘d.r

where the “0” indicates the organic liquid. The residual saturation at which the organic liguid
becomes discontinuous is defined by:

Sor - Vdi.scon(ilwo:u organic liquid ( 37)
VvoidJ

where the “r” indicates residual. In the saturated zone the water saturation is given by:

Sy = 1.0 - S, (38)
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Another measure of residual saturation often used in organic liquid pollution studies is the
volumetric retention (e.g., de Pastrovich, 1379; Schwille, 1967):

R = liters of residual organic liguid B

- (39)
cubic meters of soil

Soe X 11 X 103

where n is the soil porosity.

Residual saturation results were obtained for several organic liquids using the same soil
(Sevilleta dune sand) to test the effect of varying fluid properties on the residual saturation.
Additional residual saturation measurements were taken using different soils while holding the
organic liguid constant (Soltrol}. These results were also reported in Hagan et al. (1989).

The Base Case: Soltrol in Sevilleta Sand

In this study, measurements of the residual saturation of Soltro! in Sevilleta sand form the
base case against which many other experimental results were compared. Soltrol and Sevilleta
sand were the common denominators for experiments in which residuai saturations were
measured for several different organic liquids, and in several different soils. These same results
will also be used later to examine the effects of heterogeneities on residual saturation
(Chapter 8), and to compare S, in the saturated zone to those measured in the vadose zone

(Chapter 9).

Tables 4 and 5 summarize the experimental results for Soltrol in Sevilleta sand. These tables
also include the maximum organic liquid saturation measured when water was at (or near) the
S.- - Water saturations and organic retention can be calculated from
equations (38) and {39). Included in the tables are measured vaiues of sample porosity and bulk
dehsity. These measurernents provide information for ancillary calcuiations, and their variability
is @ measure of experimental control over the packing.

residual saturation,

porosity bulk density |maximum organic| residual organic
(%) (g/cm3) liquid saturation | liquid saturation
(%) (%)
all 22
experiments| 34.3 + 1.2 | 1.741 + 0.033 84.7 + 3.4 28.0 + 3.8
good temp.
13 33.9 £ 0.6 | 1.752 + 0.016 85.1 + 2.8 27.1 £+ 1.7
experiments
poor temp.
349 + 1.7 1.724 + 0.044 84.0 + 4.1 293+ 5.4
experiments

Table 4. Soltrol residual saturation and other measurements in Sevilleta sand, for three
temperature dependent categories (sample mean + sample standard

deviation).
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Many of the earlier Soltrol experiments were run without the benefit of a constant
temperature cabinet. This is noted in the second column of Table 5, and the difference between
maximum and minimum temperatures during the course of the experiment is given in the last
column. As discussed in Chapter 4, those experiments with large temperature fluctuations
provided less reliable results. In particular, it can be seen from the Table 5 that the two

in bulk organic liquid saturation (%) | temp.
box| porosity| error | density | error range
triall ? (%) | (%) | (@cm®)| (g/cm?)|maximum]| error | residual error | (°C)

1 ]lnol 33.8 0.6 { 1.754 | 0.008 84.6 3.5 29.3 | 1.7 1.0

2 |no| 36.5 0.5 | 1.683 § 0.007 §2.2 301 325 [ 1.5 5.0

3 1nof| 34.0 0.5 | 1.750 | 0.007 77.5 3.1 246 | 1.4 1.0

4 |no| 34.1 0.5 | 1.747 | 0.008 85.7 3.5 29.3 | 1.7 1.0

5 Ino| 33.2 |06 | 1.769 | 0.008] 927 |39 347 | 20| 30

6 | noj 34.8 0.5 | 1.729 | 0.007 84.1 3.2 327 | 1.6 2.0

7 |noj 38.6 0.9 | 1.626 { 0.017 78.6 3.7 21.6 | 1.5 §111.0

8 |noj 34.6 0.5 ] 1.732 } 0.007 §0.2 3.0 | 37.0 | 1.7 3.0

9 |no| 34.6 0.5 1 1.733 | 0.008 84.7 3.5 29.3 | 1.7 2.0

10l noj 34.3 0.5 1 1.741 ] 0.008 87.5 3.6 28.6 | 1.8 3.0

11} no| 34.1 0.6 | 1.747 | 0.009 §7.0 3.9 26.9 1.8 1.5

121 no| 34.1 0.6 | 1.746 | 0.009 82.6 3.6 24.3 1.6 2.8

13| no| 33.7 | 0.51 1.756 | 0.008 83.5 3.3 1 231 1.4 2.8

14 | yes| 34.9 0.5 | 1.726 § 0.007 87.0 3.4 27.9 | 1.6 0.3

151yes| 34.2 | 0.6 | 1.745 | 0.010 85.8 3.9 250 | 1.7 0.8

16 [yes| 34.7 | 0.6 | 1.730 | 0.010 88.2 3.9 28.5 | 1.8 0.4

17 | yes| 33.7 | 0.5 | 1.758 | 0.006 83.8 3.2 1 254 | 1.4 0.3

18 | yes| 34.1 0.6 | 1.747 | 0.009 85.6 3.7 27.1 | 1.7 0.4

19 {yesi{ 34.1 0.6 | 1.746 | 0.011 86.0 4.0 29.2 | 1.9 0.9

20 |yes| 32.8 | 0.6 | 1.781 | 0.010 88.3 4.1 27.6 | 1.9 1.0
21fyes| 33.1 | 0.6 | 1.774 | 0.009 83.0 3.7 1 246 | 1.7 1.0

22 |yes| 33.2 | 0.5 ] 1.771 | 0.007 84.1 3.4 | 266 | 1.7 1.1

Table 5. Summary of Soltrol / Sevilleta sand saturated zone resulits.
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experiments with the largest temperature fluctuations aiso had the largest estimated porosity
and extreme estimates of residual saturation. Sample statistics for the twenty-two experiments
are presented in Table 4, with data divided into three categories: a) all experiments; b) thirteen
experiments conducted with good temperature control (At < 2°C); and c) nine expsriments
conducted with poor temperature control (At > 2°C). Error measurements, using a worst case
error approach in which all errors were assumed additive and propagated through the
caiculations, are given in Table 5. Comparing these estimates to the sample standard deviations
suggests that the thirteen temperature controlled experiments account for the known and
tractable experimental errors. Thus the estimate of residual saturation, Sor =27.1+1.7%, taken
from these 13 experiments is appropriate. This is slightly lower than earlier published estimates
(Wilson et al., 1988b), which were biased by the temperature fluctuations of the first
experiments.

Twenty-seven percent of the Sevilleta sand pore space is occupied by immobile,
discontinuous, blobs of Soltrol. If this estimate is typical for most organic liquids and sandy soils
there is a tremendous storage capacity of organic liquid pollutants in the saturated zone.
Expressed in terms of volumetric retention (equation 39). the Seviileta sand has the capacity to
stare over 90 liters of Soltrol per cubic meter of soil. For example, a single 10,000 gallon spill of
an organic liquid could be contained in about 420 m?® of saturated soil. This volume corresponds
to a cube of soil with sides only 7.5 meters in length. If for example we suppose that these 10,000
galions of organic liquid were benzene (with a solubility in water of about 1780 mg/l), the
benzene would have the potential to contaminate at least 4.5 million gallons of groundwater as it
dissolves. And of course with the help of dispersive mixing, the benzene would likely
contaminate a significantly larger volume of groundwater than that.

The eariier discussion on mechanisms focused on capillary trapping as a function of pore
structure among other factors. Each experiment recorded in Table 5 included measurements of
porosity and bulk density. Presumably, these measurements aliow some inference about the
pore structure as controlled by the density of soil packing. A tendency for increased trapping
with decreased porosity has been reported in the petroleum literature (Morrow et al,, 1988). This
tendency is believed to be related to the fact that for more heavily cemented petroleum reservoir
rocks, the pore throats (from which organic liquid is easily displaced by water) make up a
smaller percentage of the total pore volume (Chatzis et al., 1983). Lower pore connectivity,
another attribute of low porosity (heavily cemented) media, is also suspected of contributing to
increased trapping (Pathak et al., 1982). Although only unconsolidated soils have been used in
this study, there was some concern that some systematic change might be seen in residual
saturations with change in porosity from one packing to the next. Figure 48 presents a plot of
maximum organic liquid saturation and residual saturations for the 13 best samples in Tabie 5. In
these results, there appears to be no discernible correlation between porosity and either the
residual or maximum organic liquid saturations. Although the porosities varied somewhat, this
variation did not seem to affect the measurements of saturation in any systematic way. The lack
of correlation between S, and nis probably due to the small range over which the porosities
varied.
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Figure 48.  Correlation of maximum Soltrol saturation (triangles), and residual Soltral
saturation (squares), to porosity in the Sevilleta dune sand.

her Flui

it was hypothesized that for commonly spilled organics, residual saturations wouid be
independent of fluids or fluid properties. Since capillary forces so thoroughly dominate the
movement and trapping of organic liquids in porous materials, it was believed that variability in
fluid properties over the range encountered for commonly spiiled crganic potlutants would be
insufficient to affect the balance of forces controlling trapping mechanisms. To test this
hypothesis, a series of short column experiments were run in the Sevilleta sand using a variety of
fluids — kerosene, gasoline, p-xylene, PCE, and n-decane.

The kerosene experiments presenied in Table 6 were run early in the project without the
benefit of a constant temperature cabinet. The n-decane experiments presented in Table 7 and
the gasoline experiments presented in Table 8 were conducted under good temperature control.
The six p-xylene tests summarized in Table 9 were conducted under a fume hood, but the
temperature was fairly well controlled. Although the smaller density difference between water
and the p-xylene resulted in greater error propagation for organic liguid saturations, the actual
sample standard deviation was relatively small in comparison. The PCE tests described in
Table 10 were also conducted under a fume hood with relatively good temperature control.

A summary of all the tests is given in Table 11. From this tabie it is apparent that the soil
packing was very consistent from the tests of one liquid to those of another. The soil dependent
properties, porosity and bulk density, remained nearly constant over the most of the
experiments. The porosities for the PCE experiments, however, were slightly but consistently
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lower than all the other experiments because the operator of these experiments screwed down
the top endcap on the column a little tighter as an added precaution against leakage. This slightly
lower soil porosity appeared to have no influence on the results.

bulk Organic liquid saturation (%) |Temp.
porosity| error| density | error range
Trial| (%) | (%) |(g/cm?)] (g/cm®) | maximum | error | residual| error | (°C)

1 33.1 1 0.4 ]1.765 | 0.002 73.3 2.0 28.1 0.9 5.0

2 | 33.0 | 041769 | 0.003 52.8 1.6 28.3 09 | 4.0

3 33.7 1 0.4 11.751 | 0.003 78.9 1.6 | 27.3 0.9 3.0

4 1 33.2 [ 0.5 1.765 { 0.003 70.1 2.0 25.3 0.8 3.0

5 33.8 | 0.5 ] 1.747 | 0.003 73.8 2.1 23.8 0.8 3.0

6 { 33.7 | 0.4 }1.750 | 0.002 73.1 2.0 23.3 3.2 1 5.0

7 1 33.3 | 0.3]1.760 | 0.001 80.1 2.1 25.4 0.8 2.0

8 35.0 {0.571.721 ] 0.008 80.9 2.8 29.0 1.5 7.0

* x *

Avg| 33.6 |0.6°| 1.754 [0.014"] 72.9 | 9.0 26.3 [2.1° | ~——

'Average = sample mean zistandard deviation

Tabie 6. Summary of kerosene / Sevilleta sand saturated zone resulits.
bulk Organic liquid saturation (%) |Temp.
porosity | error | density | error Range

Trial} (%) (%) | (&/cm?®)| (g/cm?3)| maximum | error | residual| error | (°C)

1 34.7 0.6 | 1.732 | 0.010 77.0 3.6 28.6 1.8 2.6

2 33.2 0.6  1.776 | 0.010 72.3 3.6 24.6 1.8 1.1

3 34.2 0.6 | 1.743 { 0.010 78.8 | 3.9 25.1 1.9 1.5

4 32.2 0.6 | 1.797 | 0.010 82.4 4.1 26.7 1.8 2.1

5 33.5 0.6 | 1.763 | 0.010 82.5 3.9 24.6 1.6 2.0

Avg.| 33.6 | 1.07| 1.762 | 0.026"| 78.6 42" 2509 | 1.77] -

* Average = sample mean #fstandard deviation

Table 7. Summary of n-decane / Sevilleta sand saturated zone results.
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There was also some concern over the high variability in the maximum organic saturations,
and whether this variability would substantially affect the residual saturation resuits. In running
the experiments, there was some trepidation in applying high suctions for fear of exceeding the
breakthrough pressure of the bottom, semi-permeable membrane. As a consequence, it was
not always certain that the water had been completely reduced to its so-called residual
saturation and that the maximum organic saturation possible had been achieved. A piot of

bulk Organic liquid saturation (%) Temp.
porosity | error | density | error range
Trial| (%) (%) |(g/cm?) | (g/cm3) | maximum | error | residual| error (°C)

1 34.3 0.7 11.742 | 0.011 75.2 6.0 I 26.9 2.6 0.8

2 33.1 0.6 | 1.772 | 0.008 80.9 6.2 29.3 2.8 1.3

3 32.6 0.6 | 1.786 | 0.008 83.1 6.3 31.0 2.9 0.6

4 32.1 0.6 { 1.799 | 0.009 84.5 6.5 26.9 2.6 1.1

5 33.5 0.6 | 1.762 | 0.009 81.2 6.2 28.8 2.7 0.4

* x

Avg.| 33.1 | 08| 1772 | 0.0227] 810 3.6 | 285 | 1.7 -

" Average = sample mean *standard deviation

Table 8. Summary of gasoline / Sevilleta sand saturated zone results.
bulk Organic liquid saturation (%) |Temp.
porosity | error | density | error Range
Trial | (%) (%) | (g/cm®)| (g/cm®)| maximum | error | residual| error (°C)

1 34.1 0.6 { 1.747 } 0.009 62.8 8.1 24.3 4.0 2.6

2 33.8 0.6 | 1.755 | 0.011 79.6 111 25.7 5.2 1.1

3 32.8 0.6 | 1.781 | 0.009 75.4 9.8 21.3 3.9 1.5

4 32.6 0.6 | 1.786 | 0.009 78.2 10.0 20.1 3.6 2.1

5 34.0 0.5 | 1.748 | 0.008 78.2 9.7 26.5 4.2 1.3

6 33.8 0.5 ] 1.754 | 0.008 78.6 9.7 21.9 3.7 0.6

Avg.| 33.5 | 0.67] 1.762 | 0.017*] 755 6.4 233 | 26" -

* Average = sample mean tstandard deviation

Table 9. Summary of p-xviene / Sevilleta sand saturated zone results.
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bulk Organic liquid saturation (%) | Temp.
porosity {error | density | error range
Trial{ (%) (%) | (/cm3) | (g/fcm3) | maximum | error | residual| error { (°C)

1 32.5 0.6 1.788 | 0.008 69.5 3.1 27.5 1.4 0.5

2 33.0 0.6 1.776 | 0.009 85.0 3.9 25.7 1.4 1.7

3 32.2 0.6 1.796 | 0.010 78.9 3.8 26.1 1.5 0.9

4 32.4 0.6 1.791 | 0.010 86.2 4.2 28.8 1.6 1.3

* *

Ave. | 325 | 0.3"| 1.788 | 0.0097]| 79.9 76| 270 | 1.47] —

* Average = sample mean *standard deviation

Tabla 10. Summary of PCE / Sevilleta sand saturated zone resuits.

porosity bulk density | maximum organic| residual organic
Fluid (%) (g/cm?) liquid saturation | liquid saturation
(%) (%)
Soltrol
(13 trials) 33.9 £ 0.6 1.752 + 0.016 85.1 +2.8 27.1 + 1.7
kerosene | 336 4 0.6 | 1.754 + 0.014 |  72.9 4 9.0 26.3 4 2.2
(8 trials)
gasoline
(5 trials) | 33-1£0.8 | 1.772 £ 0.022 81.0 + 3.6 28.5 4 1.7
p-xylene
(6 trials) | 33-5£ 0.6 | 1.762£0.017 | 755+ 6.4 23.3 1+ 2.6
PCE
(4 trials) 325+ 03 1.788 + 0.009 79.9 £ 7.6 27.0 + 1.4
n-decane
(5 trials) 336+ 1.0 1.762 + 0.026 78.6 + 4.2 259 + 1.7
all liquids | 33.5 + 0.8 1.761 + 0.020 79.5 £ 7.1 26.4 + 2.4

Average = sample mean +standard deviation

Table 11. Average values for different organic liquids in the Sevilieta sand saturated zone
experiments.
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Figure 49.  Residual organic liquid saturation as a function of the maximum organic liquid
saturation.
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Figure 50.  Residual organic saturation for tested organic liguids in the Sevilleta sand.

maximum organic liquid saturation versus residual organi¢ liquid saturation for all the
experiments is shown in Figure 49. Visual inspection of the scatter plot does not reveal much
correlation between maximum organic saturation and residual saturation, but least-squares
regression analysis revealed a slight positive correlation.

The relationship between residuai saturation and the type of organic liquid is displayed in
Figure 50. The average residual organic liquid saturation, S 1 Was relatively uniform, varying
from a low value of 23.3% for p-xylene to a high value of 28.5% for gasoline. The average
residual saturation over all the fluids was 26.5%. All the fluids were tested against one another for
a statistically significant difference in the sample means using the student’s t-test. Although the
differences in residual saturations between the fluids appear to be small, the p-xylene results
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Figure 51. Residual organic saturation as a function of interfacial tension (IFT). The error
bars represent the sampie standard deviations taken from Table 11,

were found to be statistically different from each of the other fluids at the 97.5% confidence
interval (o = 0.025). P-xylene was the most soluble of the organic liquids tested (about 0.20 g/ly.
In each experiment at least 6 pore volumes, or about 250 ml of water, was flushed through the
column to reach residual saturation. if it is assumed that the water was flooded slowly enough so
that the effiuent water had reached equilibrium with the xyiene, then as much as 0.05 g of xylene
could have been removed from the column by dissolution, resulting in an underestimation of the
residual saturation by as much as 1.0%. The reduction of xylene's residual saturation by
dissolution may account for the significant difference in residual saturation between it and the
other fluids tested. None of the remaining combinations showed significant differences in
residual saturations between fluids at the 97.5% confidence interval, although both kerosene and
n-decane were found to have sampie means statistically different from gasoline at the 95%
confidence interval.

Effect of interfacial tension

These same residual saturation results are again plotted in Figure 51, as a function of the
interfacial tension (IFT) between water and the organic liquid. There appears to be no discernibie
correlation between IFT and §,, — and none was expected. The capillary forces (proportional to
the IFT) so outweigh the other forces which may act to reduce trapping (buoyancy and viscous
forces) that halving the interfacial tension — from an IFT of 47.8 for Soltrol to only 22.9 for
gasoline — has no effect on the amount of organic liquid trapped. Indeed, at typical aquifer fiow
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rates IFTs may have to be reduced by at least an order of magnitude or more before any
reduction in trapping occurs, as can be illustrated in the following analysis.

Consider again the pore scale trapping mechanisms discussed in Chapter 2. If we look at
these mechanisms in a quantitative way, using as an example the flow rates of these
experiments together with some observed characteristics of the Sevilleta sand, we can attempt
some prediction of the reduction of interfacial tensions required to begin to lower residual
organic saturations.

Consider the snap-off mechanism first. Wardlaw (1982) performed flow visualization
experiments in glass micromodels using a single pore and pore throat to examine snap-off as a
function of several properties including interfacial tension. An illustration of the pore and pore
throat pair used in Wardlaw’s experiments is given in Figure 6. For strongly water-wet systems,
snap-off occurred for all fluid pairs studied even though the interfacial tensions ranged from 480
dyne/cm down to 0.1 dyne/cm. Trapping by snap-off was found to be insensitive to IFT down to
0.1 dyne/cm and it is expected that IFTs would have to be reduced still much further to avert the
Haine's jump instability that leads to snap-off.

Although it appears that snap-off cannot be avertsd, perhaps for iow enough IFTs the blob
could become mobilized immediately after the Haine's jump caused its formation. Oh and
Slattery (1979) in a theoretical study looked at the pressures required to mobilize blobs in a
periodically constricting tube (similar to that shown in Figure 5). The critical dimensioniess
pressure needed for mobilization in a strongly water-wet pore with an aspect ratio of about 4
was:

= 1. 40
> o 03 (40)

where; AP = Pressure drop across the biob
Radius of the pore throat

Tt

i

o Interfacial tension

As an exampie, the interfacial tension needed to mobilize the blob trapped in the Sevilleta sand,
pictured in Figure 61, was considered. With a flux rate in the column experiments of about
2.5 x 10™* cm/s, the pressure drop across the blob was estimated to have been about 3.7
dyne/cm?2. The pore throat radius was estimated to be about 50 microns and the aspect ratio to
be 4. Using these estimates, the interfacial tension would need to be less than 0.01 dyne/cm to
induce mobilization of the blob.

A similar analysis can be performed using data taken directly from these Sevilleta sand
column experiments. Wilson et al. (1989) found the critical capillary number (NCz' =qujo) for
blob mobilization in the Sevilleta sand ta be in the range of 10-4. Using values from the column
experiments (g=2.5 x 10~*cm/s and u =1cP), the interfaciai tension would need to be less than
0.025 dyne/cm to induce mobilization of the blob.

Next consider the by-passing mechanism. To prevent trapping in a pore doublet like the one
shown in Figure 9b, the velocities of the interfaces traveling through each pore wouid have to be
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about equal. That is, either the flow rate needs be increased, or the capillary forces reduced {by
reducing o ) so that the water does not preferentially travel through the smaller pore of the
doublet. To evaluate this, an equation presented by Moore and Slobod (1956) for computing
competing velocities in a pore doublet was used:

4
rzz(-)——,i)ocos&
Vi ,,22 1 2 (41
Ve | _4HOw 2(1 _1 )
2 > = I F—WO'COSO
:rl

where: v
l

Velocity through pore /
Length of the pores

2 2
Q = Total flow rate through the doublet, I%{1"+2%)
7l

Flux rate

Porosity
Viscosity
Radius of pore J

Py B S
noow

Interfacial tension

Q
1}

Contact angle

>
il

The ratio of the velocities was set equal to one and then o was solved for using reasonable
values from experiments in the Sevilleta sand: r, =100pum; r; =75um; [=400um; u,=u.=1cP; the
average flux rate, ¢g=2.5 X 10~*cm/s: the porosity, n=0.33, and the contact angle, g=0°. Under
these circumstances, ¢ would have to be less than 2 dyne/cm to avert trapping by by-passing.

By looking at the pore scale mechanisms that cause trapping, and by relating these
mechanisms to this particular experimenta! system, it has been shown why S appears to be
independent of IFT in these experiments — and why S, would be expected to be independent of
IFT for many commonly spilled organic pollutants (see Table 12 for some representative IFTs).

Effect of viscosity

Figure 52 relates observed residual saturations to non-wetting phase viscosity. Residual
saturations would be expected to be independent of viscosity over the range of viscosities
encountered, and the results match expectations. Some variability in S, might have been
possible had fingering ccecurred during the displacements, but since low flow rates were used
and since the displacements were stable with respect to density, no viscous instabilities
developed.

Effect of density

A plot of observed residual saturation versus non-wetting phase density is shown in
Figure 53. There appears to be no overall correlation between density and S, and none was
expected. However, fluids having a larger density difference with water tend to give more
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INTERFACIAL

TENSION
PRIORITY POLLUTANT (dyne/cm)
carbon tetrachloride 45.0
PCE 47.5
benzene 35.0
chlorobenzene 37.4
ethyibenzene 38.4
toluene 36.1
phenoi 39.3* (a0ccy
o-chiorophenol 42.25°
naphthalene 28.8°

A — Lyman et al., 1982
B — Weast, 1986

Table 12. The interfacial tension of some priority pollutants with water at 20°C. The data were
obtained from Girifalco and Good (1857) unless otherwise notad.

accurate results due to the gravimetric method of measuring saturations. A larger density
difference increases the buoyancy forces, but in this case they are weil below the threshold for
gravity induced reduction of trapping. However, had a very coarse soil been tested — a gravely
soil perhaps — buoyancy effects might not have been negligible.

For those organics lighter than water, there appears to be a decrease in S, as the density
of the fluids approach one (as the density difference between the organic and water approaches
zero). Such results are the opposite of what one would expect had buoyancy played a role.
These results are probably a coincidental effect of the reduced measurement accuracy as p,
approaches g, .

PCE was the only organic liquid tested having a density greater than water. Although the PCE
experiments were run with the column upside-down to prevent any density induced instabilities, it
is important to realize that on an aquifer scale as a dense organic liquid percolates downward
through the saturated zone, density induced fingering may well develop. For more about density
induced instabilities, please refer to the discussion in Chapter 8 on the interaction between
density induced instabilities and layering.

— 94 -



H

30
gasoline
28 T
PCE Soitrol
®
;erc.::m | 261 T decane kerosene
esidua
Saturation 1
244 p-xylene £
22+
L
20 r .
0 1 2
Dynamic viscosity
(cP)

Figure 52.  Residual organic saturation as a function of non-wetting phase viscosity, The
error bars represent the sample standard deviations taken from Table 11.

Summary

In summary, residual saturation has been shown to be invariant with respect to fluid
properties, at least over the range of fluid properties for common organic pollutants used in
these experiments. So although it seems reasonable to directly measure residual saturations of
whatever organic liquid was spilled at a particular contamination site, it might be better to chose
an ideal fluid with which to run residual saturation experiments. Unless some odd wetting
behavior is anticipated, or unless some interaction between fluids or between fluids and the solid
is expected, it is probably preferabie to chose a fluid which has low solubility, low volatility, low
toxicity, and a sufficient density difference with water.

Other Soils

Palouse loarm

Two quantitative experiments were run with Soltrol and the Palouse Loam soil. In the first trial
no Soltrol could be forced into the column even though a head of almost 500 cm H,O was placed
on the column. In the second trial the maximum Soltrol saturation reached was 11.7%, with a
corresponding water saturation of 88.3% (Figure 54). Great difficulty was encountered in
injecting organic liquid into this soil. The inability to inject an organic phase into the Palouse loam
did however demonstrate that fine-grained, water-wet soils (which do not shrink in the presence
of organics) can serve as an effective barrier to organic liquid movement in the subsurface.

- 95—



30 ¥
lgasoline
28 T
Tl Soaitrol PCE
T kerosene
Percent o8
Residual * T
Saturation
+ p-xylene
24— decane
®
22
20
l I i | i
0.6 0.8 1.0 1.2 1.4 1.6

Density (g/cm3)

Figure 53. Residual organic saturation as a function of non-wetting phase density. The
error bars represent the sample standard deviations taken from Table 11.

Llano coarse sand

Results from a series of related experiments yielded a residual saturation measurerment of
17.2% for Soltrol in the Liano soil (Wilson et al., 1989). This residual saturation is similar to values
reported for glass beads (about 15%, Morrow et al., 1988), and is much lower than the Sor
measured for the Sevilleta sand (27.1%).

Traverse City sand

The results of four experiments conducted with Traverse City soil and Soltrol are shown in
Table 13. All experiments were conducted under good temperature control conditions. The
average residual saturation of Soltrol in the Traverse City soil was 17.6%. Surprisingly, this
saturation was almost 10% lower than the residual saturation found in the Sevilleta soil, even
though these two soils have very similar texture (see Figure 18). In fact, the average S,
measured in the Traverse City sand was aimost identical to the §,, measurement in the Liano
soil, and therefore also similar to residual saturations reported for glass beads.

Effect of soil texturs

Perhaps it is appropriate to ask, Why are residuals in the Sevilleta sand so high? After all, one
would expect a uniform, unstructured, coarse soil to behave in a manner similar to glass beads
— as the Traverse City and Llano sands presumably did.

In packing soil under water into the columns, undoubtedly some small-scale layering
developed. Perhaps significantly, the Sevilleta sand contains a small but not negligible fine
fraction not present in either the Traverse City or Llano sands which may play an important role in
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Figure 54.  Organic/water saturation versus capiliary pressure for Soltrol in the Palouse
loam.

bulk Organic liquid saturation (%) |Temp.
porosity | error | density | error range
Trial| (%) (%) |(g/cm®) | (g/cm3) | maximum | error | residuall error| (°C)

1 34.4 0.6 | 1.738 | 0.009 85.1 7.3 17.0 2.4 0.7

2 35.7 0.6 | 1.705 | 0.010 84.6 6.8 15.8 1.9 1.9

3 36.0 0.6 | 1.696 | 0.009 86.6 6.9 19.3 2.2 1.7

4 33.9 0.6 | 1.753 | 0.010 88.0 7.2 18.4 2.1 1.1

*

Avg.| 35.0 1.0 | 1.723 0.027* 86.1 1.5 17.6 1.5' -

'Average = sample mean *standard deviation

Table 13. Summary of Soltrol / Traverse City soil saturated zone resuits.
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the formation of layers in the column. Due to differential settling (Stoke's law), any soil
containing some fines can be expected to develop micro-scale layering as it is packed under
water.

As a matter of fact, drainage of water-filled Sevilleta sand by air (in step one of the
three-phase experiments) showed that small-scale layering was present in Sevilleta sand
columns packed under water. Through the glass walls of the column, air could be observed
entering the column as drainage commenced. As the pressure drop propagated through the
column, at a certain pressure slightly coarser micro-layers drained while finer micro-layers
remained water filled. As the pressure continued to drop, the finer layers then drained as well.
The layers were observed to be on the order of 1-3 mm thick. The difference in air-entry
pressure heads between the coarse and fine micro-layers was on the order of about 1 or 2 cm
H.O. As an aside, McCord et al. (1988b) found micro-scale layering in the natural (wind blown)
deposition of the Sevilleta dune sand as evidenced by the state-dependent anisotropy of the
sand.

As an offshaot of this study, Wilson and Mace (1989) removed the fine fraction from the
Sevilleta sand and measured residual saturations. They reported an average residual saturation
of 16.8% from 10 trials, a residual saturation much lower than that found for the unadulteratad
Sevilleta sand, but similar to those measured for the Liano coarse sand, the Traverse City sand,
and glass beads. The dramatic reduction in residual saturation conssguent with removal of the
fines from the Sevilleta sand suggests that the formation micro-layers can have a dramatic
impact on the residual saturation.

The effect of heterogeneities on multi-phase fiow are explored in detail in the next chapter.
At the conclusion of that chapter, after some observations on how heterogeneities affect
multi-phase flow have been presented, the case of the Sevilleta sand is revisited and a
hypothesis offered for why residual saturations were so high. In the meanwhile, I’ll leave one final
question for the reader: In measuring S, in the laboratory, should great pains be made to
eliminate heterogeneities from the soil packings even though similar micro-scale heterogensities
are produced by natural depositional processes in so-called homogeneous soils?

FLOW VISUALIZATION

Flow visualization techniques are ideal for illustrating the process of organic liquid advance in
the saturated zone and subsequent displacement by flowing groundwater. Later, results from
these homogeneous experiments are compared to the organic migration in the vadose zone,
and migration of organics through heterogeneous media in the saturated zone. The following two
micromodel sections are an expansion of discussions first presented in Wilson et al. (1988b).

nic Liguid Advance in a Hom n Migr |

A water-wet etched glass micromodel experiment (Figures 33 & 55) serves as good example
of the displacement process of organic liquid movement into a water-saturated homogeneous
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Figure 55.

In the upper photo (a) Soltrol displaced water from the left (the top of the
model) to the right (the bottom of the model), yielding a residual (irreducible)
wetting phase saturation. In the lower photo (b) Soltrol was displaced by water
from the right (the bottom of the model) to the left (the top) yielding a residual
non-wetting residual saturation. Soltrol was dyed red; the water was not dyed.
The photos record steady state flow conditions at the end of the
displacements.
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soil. The water-saturated micromodel was criented vertically, and flooded from the top with
red-dyed Soltrol at a relatively slow rate of 0.096 mi/min using the techniques described in
Chapter 6. These displacements were captured on videotape (Mason et al., 1988). The
equilibrium condition, at the end of the organic liquid advancement, is shown in the top
photographs of Figures 55 through 57. Figure 55a shows the entire model at equilibrium
saturation, while Figures 56a and 57a show close-ups from this displacement. Figure 56 is from
an area located very near the top of the model, and slightly to the right of center. Figure 57
shows an area located just below the very center of the model. Overail the displacement of water
was fairly efficient, except at the bottom of the model where a capillary end effect came into play
(see Figure 55a). The residual water saturation occupied several by-passed pockets of the pore
network, as weli as films, rings and wedges in individual pores. The term ‘film’ refers to the film
of wetting fluid covering all glass surfaces; ‘ring’ refers to the pendular rings of wetting fluid
found in many of the pore throats; and ‘wedge’ refers to the wetting fluid in the narrow crevices
of the the pores, where the glass plates meet. (These films, rings,and wedges are similar to
those that are observed in natural porous media — natural pores are not circular, nor are
micromodel pores.) The capillary end effect is similar to what one would find in a fine sand layer
overlying a coarse sand or gravel layer, The micromodel pore network represents the upper fine
sand layer. The bottom model! reservoir mimics the lower gravel layer. The organic liquid breaks
though to the lower layer along one, or perhaps two flow paths. The continuing flow of organic
liquid takes place through the one or two connected flow paths, which offer less resistance than
displacing water from the many remainiag water-saturated pores (Mason et al., 1988).

Had a capillary barrier been used at the bottom boundary, it is believed that the residual
water saturation would have been somewhat smalier, Not only would there have been no
capillary end effect, but slowly moving water in pockets and the wedges would have been more
likely to drain. This assertion is supported by evidence from a study by Dullien et al. (1986) who
build a heterogeneous model with a checkered pattern of coarse and fine pore zones. They
embedded the outlets in two of the fine zones, in effect simulating a capillary barrier at the outlet
of the model. Their micromodel experiments, and related sandstone core experiments, appear
to confirm the hypothesis that residual wetting phase saturation depends on the outlet boundary
condition.

These micromodel experiments were reproducible. An example is shown in Figure 58. The
photograph in this figure can be compared to Figure 55a, and depicts the results of an identical
experiment, where Soltrof has advanced into the micromodel, displacing water. The character of
the saturation pattern is similar for both experiments, only the details vary. The two-phase flow
field appears to be a stochastic process, with the same mean behavior, but a different detailed
realization for each experimental replication.

Displ ment of Organic Liqui Water in a Hom n Microm I

In the next step, water was displaced upward through the micromodel at the same rate,
pushing much of the Soltrol out, but leaving behind a capillary-trapped, residual Soltrol
saturation. When the model reached a new equilibrium, additional photos were taken. The
bottom photos of Figures 55 through 57 depict the residual organic liquid left behind. As seen in
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Figure 56 Detail from Figure 55 showing conditions following the displacement of the
water by Soltrol (a), and at residual non-wetting phase saturation (b). The area
is located near the top of the model, just to the right of the centerline.
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Figure 57 Another detail from Figure 55 showing conditions following the displacement
of the water by Soltrol (a), and at residual non-wetting phase saturation (b).
The area is located just below the very center of the model.
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these photos, the residual organic liquid saturation in these strongly water-wet models is

composed of disconnected blobs and ganglia which are fairly evenly distributed throughout the
model and appear to occupy up to 30% of the pore space .

Figures 59 and 60 present ‘pore scale' close-ups of typical blobs taken from similar
experiments conducted in the same micromodel (Conrad et al., 1983; Mason et al., 1983b). The
top photo of Figure 59 shows a blob trapped in a pore body. This blob is referred to as a ‘singlet’.
The surrounding pore throats are filled with water, the wetting fluid. The trapped singlet is roughly
the size of the pore body. The bottom photo of Figure 59 depicts a ‘doublet’, a blob occupying
two pore bodies and the pore throat between. Although many blobs have shapes like this singlet
and doublet, some are more complex and extend over a number of pores bodies and the
connecting pore throats, such as the micromodel blobs shown in Figure 80. Other examples of

Figure 58, A second experiment in the homogeneous micromodel, depicting conditions
at the end of the organic liquid advance. Compare to Figure 55a .
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Figure 59. Photomicrograph of a singlet blob (above) and a doublet blob (below) as
observed in the micromodel.
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Figure 60. Photomicrograph of a complex blob observed in the micromodel.

both simple and complex blob shapes can be seen in the right-hand photos of Figures 55 through
57. These more complex shapes include branched blobs with more than two ‘heads’.

The same features were observed in the soil columns. Photomicrographs of polymerized
blobs embedded in epoxied pore casts are shown in Figures 61 and 62. These pore casts were
constructed in short TFE columns of Sevilleta soil using the techniques described in Chapter 5.
Compare the singlet and doublets shown in Figure 61 from the soil column (Wilson et al., 1988b;
Conrad et al., 1989), to those in Figure 59, from the micromodel. The similarity between blob
shapes in the two different media gives confidence that micromodels can reasonably be used to
simulate the immiscible displacements taking place in the subsurface. Figure 62 shows a variety
of more complex blobs found in the same pore cast. The pore casts also reveal the position of
the blobs within the pore space, and their position relative to the sand grains. In the pore throats,
there appears to be only a thin film of water between the blob and the sand grain ‘pore wall’. The
micromodel mimics this behavior (Figures 59 and 60). There is, however, a difference in the
observed behavior. Micromodel blobs appear to occupy most of each pore body they are found
in, again leaving only a film of water between the blob and the pore wall. Blobs in the Sevilleta
pore casts indicate a greater pore body saturation with water, perhaps due in part to greater
surface roughness and irregularities in the pore walls of the Sevilleta sand, but more likely due to
shrinkage of the styrene blobs as they polymerize.

SEM photomicrographs providing a three-dimensional view of polymerized blob casts from
another Sevilleta soil column are shown in Figure 83 (Wilson et al., 1988b; Peplinski et al., 1989).
The rough spots on the surface of these blobs is probably due to the SEM coating process. Once
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Figure 61. Photomicrograph of a singlet blob (above) and a doublet blob (below) as
observed in a pore cast.
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Figure 62. Photomicrograph of complex blobs as observed in a pore cast.

again there is a typical singlet (upper left), and a doublet (lower left). The singlet is almost
spheroidal, with a length of 200 microns and a diameter of 100 or more microns. The doublet
includes one pore body of roughly 100 microns in diameter, and another that appears to be
almost 200 microns in diameter. At the pore throat, the doublet is only 20 microns in diameter.
The two more complex shapes involve four (upper right) and six (lower right) pore bodies. The
pore bodies of these more complex blob shapes appear to have a diameter of roughly 100
microns, while the typical throat diameter is less than 50 microns. Contrast these diameters with
the grain size distribution of the very uniform Sevilleta soil, as given in Figure 18. The mean grain
diameter is about 200 microns. Few grains are larger than 400 microns, or smaller than 100
microns. Typical pore body blob diameters tended to be about 100 microns and were sometimes
as large as 200 microns. They tended to be somewhat smaller than the mean grain size. The
blob lengths depend on the number of pore bodies involved. The singlet in Figure 63 is 200
microns long, the doublet bends through a length of 400 microns, the quadruplet is 800 microns
long, and the contorted sextuplet is at least 800 microns long (part of the sextuplet is sticking up
into the photo, and thus its entire length is not readily apparent). Several more complex blob
casts, taken from the same column, are shown in Figure 64. Here are large, branched blobs
occupying 10 or more pore bodies.

At the beginning of this project, it was anticipated that a size and shape analysis would be
performed on the pore casts. Such analyses have been conducted on blob casts taken from oil
reservoir sandstone cores and glass bead packs by colleagues here at New Mexico Tech's
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Figure 63. SEM photomicrographs of blob casts from Sevilleta sand column.
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Figure 64. SEM photomicrographs of branched biob casts from Sevilleta sand column.
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Petroleum Recovery Research Center (Morrow and Chatzis, 1982; Chatzis et al., 1983; and
Chatzis et al., 1988). As discussed in Chapter 5, the pore casts taken from the Sevilleta sail
columns were too fragile for quantitative analysis using a Coulter Counter or even an image
analyzer. Many of the larger casts broke into several pieces when handled. The right end of the
blob cast depicted in the lower right photo of Figure 64 is broken. This complex blob of roughly 15
pore bodies was even bigger before it broke. The branched blob in the lower left also appears to
have broken ends. Breakage of this kind would have severely biased a size anaiysis. It is possible
that the PRRC samples also suffered from the same problem, and their results may be so biased.
A second approach would be to use image analysis on the sectioned epoxied pore casts. This
approach proved to be beyond the resources of this project, but is strongly recommended in
future research efforts.

In strongly water-wet Berea sandstones, Chatzis et al. (1988) found that the majority of blobs
were singlets or doublets. The largest, more compiex blobs which were often branched, tended
to be no larger than 10 pore bodies in size. Fifty percent of their blobs had an ‘equivalent
diameter’ in the range of 30 to 130 microns, consistent with measured pore sizes in Berea
sandstone (Wardlaw and Taylor, 1976). In water-wet, uniformly-sized glass beads, Morrow and
Chatzis (1982) and Chatzis et al. (1983) found that most of the blobs were trapped as singlets
(58%), much more so than in sandstone. Once again the largest blobs measured on the order of
10 pore bodies long. Although by number there were more singlets than any other blob size, they
held less than 15% of the volume of the residual saturation. Blobs spanning five or more pore
bodies held at least 50% of the residual, even though they constituted less than 24% of the biob
numerical population.

Figure 65 is a photomicrograph of a Sevilleta sand pore cast, showing many blobs. Figure 66
is optical photomicrograph of a random sample of Sevilleta blob casts. These photographs
indicate that most of the Sevilleta blobs are larger than a singlet or doublet. Upon closer
inspection of the pore cast, with a stereoscope, it is seen that most of the blobs, which appear
on the surface to occupy only one or two pores, actually extend down into the sample (Peplinski
et al., 1983). Blobs commonly wind down and around into the pore network forming ‘ghosts’ at
depth when viewed through the relatively transparent quartz sand. Figure 66 may be somewhat
misleading in reference to the size of the blobs since some of the blob casts in the
photomicrograph are broken.

Implications for phase partitioning

Blob size and shape influence the partitioning of organic liquid components to the aqueous
phase. Mass transfer coefficients used in the mathernatical models of this partitioning often
employ the analogy of an equivalent spherical biob (e.g., Pfannkuch, 1984). Certainly singlets
can be represented by a spherical model, but it is less clear that this model works for the multiple
pore-body elongated blobs of Figure 63, or branched blobs of Figure 64. These large complex
blobs may be fewer in number than the simple shapes, but they hold the majority of the liquid
organic volume. Their surface area to volume ratio is also greater. For multi-component organic
liquids it may be easier for these more complex shapes toc ‘leach out’ a lighter organic
component than for a spherical blob of equal volume (this equivalent sphere may be much larger
than a real pore). But break these complex shapes into many ‘model’ spherical singlets of
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Figure 65. Photomicrograph of Sevilleta sand pore cast covering many pores.

Figure 66.  Optical photomicrograph of many blob casts from the Sevilleta sand.
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realistic size, say 100 microns diameter for the Sevilleta sand, and the model leach rate
increases dramatically. Coupled with this issue is the fact that there is a distribution of blob sizes
and shapes in any sample (see Figures 55b, 65 and 66). An appropriate definition of equivalent
sphere size has yet to be proposed, although work is progressing in that direction (Powers et al.,
1988).

Particularly for large, branched blobs (such as those shown in Figures 60 and 64) a large
portion of the blob surface can be in contact with only a thin film of water aiong the pore walls. In
such cases, the interphase transfer rate may be limited by advection or diffusion through these
films of water. Preliminary observations in micromodels indicate that the flowing water tends to
move preferentially around the blobs, through completely water-filled pores with relatively little
water movement through the films to help advect organic components away (Mason et al.,
1888). This initial observation requires additional experimental confirmation, but suggests that
diffusion through water films to the main body of passing groundwater may sometimes be the
rate-limiting step for organic constituents dissolving into the water phase. Alternatively, it is
possible that the majority of organic constituents may'enter the water through the ends or
‘heads’ of the branched blobs, since it is likely that these 'heads’ are the only part of the blobs
exposed to flowing groundwater. Under such a scenario, the rate-limiting factor could be either
the dissolution kinetics across the organic/water interface in the heads, or the diffusion rate of
organic constituents to the heads from within the blob itself.

Implications for biotransformation

There are several implications of these observations on the study and practice of
biotransformation of organic components. Microorganisms attached to the pore wall, at the
water-solid interface, experience an environment that depends on their location. In blob-filled
pore throats, the organisms have ready access to organic components that partition into the
aqueous phase from the nearby blob surface. However, these organisms may not have a ready
supply of other substrates such as oxygen, which can only diffuse (or flow) slowly through the
thin water film. In blob-filled pore bodies that have a surrounding water film, the same situation
applies, as it does for microorganisms attached to the blob surface in these regions of thin
aqueous films. In the other pores, occupied by flowing water, wall-attached microorganisms are
readily exposed to available dissolved substrates, subject only to upstream substrate re-supply
and biological consumption.

Migration of microorganisms is also probably influenced by the spatial distribution of blobs. It
should be difficult for a seed population to find its way into regions with thin aqueous fims
because of their low flow rates and tortuous diffusion paths. in any event, most organisms would
probably not thrive in these stagnant regions because of the substrate re-supply problem and the
possibility of toxicity due to locally high concentrations of dissolved organics.

Where exactly within the pore space the growth of microorganisms occurs is important
because the growth of microbial colonies will certainly influence the flow field. If, in fact,
microbial colonies tend not to develop immediately at the water/organic interface but some
distance away where both oxygen and organic substrates are more readily available, then it is
possible that the microbes could clog previously water-filled pores resulting in appreciably more
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water flowing directly past the blobs and greater dissolution of organic components. On the other
hand, one could argue that the growth of microbial colonies would further reduce the
permeability to water through the entire region of trapped organics resuiting in iess flow and less
dissolution of organic components.

Glass micromodels would provide an ideal medium in which to study the growth of microbes
within a two-phase (organic/water) flow fisld,

Infl -of Displacement R

The homogeneous micromodel was rerun at a 'fast’ flow rate of 1.5 mi/min, approximately
15 times higher than before (Wilson et al, 1988b; Mason et al., 1989b). The equilibrium
saturation following organic liquid advance is shown in Figure 67a. The organic liquid
displacement of water was found to be more efficient than before (compare to Figure 55a). The
faster flow rate in this displacement generated viscous forces large enough to partially overcome
capillary forces resuilting in fewer by-passed pockets of water, and possibly iess water held in
wedges. The capillary end effects were also largely overcome.

This experiment illustrates the misleading nature of the term ‘irreducible water saturation’
often used to represent the wetting phase residual saturation. Even at residual saturation the
wetting phase is continuous, and is composed of an interconnected network of films, rings and
wedges (see, e.g., Amaefule and Handy, 1982; Dullien, et al., 1886; Chatzis, et al., 1988) This
situation is considerably different than the discontinuous ‘blobs’ found for a non-wetting phase
residual. The wetting phase liquid can move through its interconnected network, draining the
films and rings, and reducing the residual wetting phase saturation. Several experiments provide
some idea of the correlation between non-wetting phase flow rate and wetting phase ‘residual’
saturations. The wetting phase residual appears to be a function of non-wetting phase flow rate,
although the flow rate must vary over orders of magnitude before the change in residual is
significant (Amasefule and Handy, 1982). This correlation and the micromodsl experiments
shown here and in Dullien et al. (1986) provide ample evidence that an increase of the
non-wetting phase flow rate leads to a decrease of the wetting phase residual. In some cases it
may be important to account for flow rate when measuring and modeling the residual water
saturation.

The bottom photo (Figure 67b) depicts the residual organic liquid saturation at the
completion of a upward displacement by water at the same ‘fast’ rate of 1.5 mi/min. The
residual organic saturation looks similar to that observed after the slow experiment (Figure 55b).
Having similar residual saturations for the ‘fast’ and ‘slow’ experiments is in accordance with
capillary number theory which predicts the same degree of residual saturation until the critical
capillary number (or in this specific case, critical velocity) is exceeded. Apparently, that critical
velocity was not exceeded in this experiment.

Despite the larger amount of organic liquid in storage before the water displacement in the
‘fast’ experiment (compare Figure 67a to 55a), the residual saturations between the two
experimental trials were similar. One possible explanation for the improved organic displacement
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Figure 67.
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Homogeneous model. In the upper photo (a) Soltrol displaced water from the
left (the top of the model) to the right (the bottom of the model), at 1.5 mi/min
yielding a residual (irreducible) wetting phase saturation. In the lower photo
(b) Soltrol was displaced by water from the right (the bottom of the model) to
the left (the top), also at 1.5 ml/min, yielding a residual non-wetting residual
saturation. Soltrol was dyed red; the water was not dyed. The photos record
steady state flow conditions at the end of the displacements.
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efficiency compared to the 'siow’ trial is that in the ‘slow’ trial the relatively large by-passed
water zones remaining after organic liquid advance (see Figure 55a) provided pathways for the
upwardly advancing water to by-pass organic liquid. in any event, these results are in agreement
with the short column experiments in which the residual saturation was found to be relatively
insensitive to the maximum organic liquid saturation attainad,

Although there appeared to be little difference in the magnitude of the residual saturations
between the ‘fast’ and 'slow’ experiments, there was some difference in the configuration of the
residual saturations. In the ‘fast’ experiment, a greater proportion of the residual saturation was
left as singlets, doublets, and other smali blobs. This finding corroborates evidence presented
by Chatzis et al. (1988} that at higher flow rates, proportionally more of the residual becomes
trapped as singlets (even though the residual saturation has still not been reduced). These
changes in the blob size distribution occur before critical capiliary number is reached, but reflect
changes in the ratio between viscous to capillary forces. Since changes in blob sizes can affect
the partitioning rates, it might be interesting to use micromodels in conjunction with image
analysis to look more explicitly at changes in blob size distribution over the progression from low
flow rates to the critical flow rate needed for reduction of residual saturation and beyond.

Implications for organic liquid recovery

For homogeneous media, the recovery of organic liquids in the saturated zone would be
expected to be independent of pumping rate. Again, this observation is in accordance with
capillary number theory (presented in detail in Chapter 2). It should be remembered, however,
that natural soils are seldom homogeneous. We’ll see in the next chapter that, depending on the
type of heterogeneity, organic liquid recovery may in fact be dependent on the pumping rate.

CHAPTER SUMMARY

The experimental results presented in this chapter have examined two-phase
(organic/water) mavement and capillary trapping in homogeneous porous media.

First, measurements of residual Soitrol saturations in the Sevilieta dune sand were
presented. It was found that temperature control was important for obtaining consistent results.
The measured residual saturations were independent of the variability in packing from one
experimental trial to the next and relatively insensitive to the maximum organic liquid saturation
attained. The average residual saturation measured in the Sevilleta sand was 27.1%. If this result
is at all typical, it says something about the success to be expected when trying to recover
organics spilled into aquifers. Even under optimal conditions, hydraulic removal of organic
liquids will leave behind a substantial portion of the total spilled volume. Any unrecovered
organics constitute a continuous source of contamination to the aquifer as constituents of the
organic phase slowly dissolve into the water phase.

Next, residual saturations were measured in the Sevilleta sand for a suite of organic liguids.
The fluids were selected as examples of (or surrogates for) commonly spilled organics, and to
cover a fairly wide range of fiuid properties between them. As expected, residual saturations
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were independent of fluid properties (namely interfacial tension, density, and viscosity) over the
range of properties tested. Residual saturations measured for xylene were anomalously low, but
these low residuals were probably due to dissolution of the xylene into the water over the course
of the experiment. Since residual saturation has been shown to be independent of fluid
properties, it is probably best to chose an ideal organic liquid when measuring residual
saturations in the lab. Such a surrogate for the organic liquid of interest would have the following
attributes: low solubility in water, low voiatility, low toxicity, and (for gravimetric measurement of
saturations) a sufficient density difference with water.

Residual saturations were also measured over several soils. The difficulty in injecting organic
liquid into the Palouse loam demonstrated that the high entry pressures required to introduce
organic liquid into fine-grained water-wet soils makes them an effective barrier to organic liquid
migration. Two sandy soils, the Llano coarse sand and the Traverse City sand yielded residual
saturations of 17.2% and 17.6% respectively. These residual saturations were much closer to
results reported for glass beads than to the Sevilleta sand results. It is believed that the fine
fraction present in the Sevilleta sand but not the other two soils contributed to the formation of
small-scale packing heterogeneities and that the presence of those heterogeneities resulted in
elevated residual saturations. Similar smali-scale heterogeneities have been reported for
naturally-deposited Sevilleta dune sand.

Two types of flow visualization experiments — micromodels and organic-phase
polymerization — permitted the observation of the pore-scale distribution of organic liquid and
water resulting from immiscible displacements. Photographs of pore-scale fluid distributions
following organic liquid advance into a previously water-filled micromodel show the residual
wetting-phase saturation located in by-passed pores and pore clusters and as films, rings, and
wedges within individual pores. In contrast, photographs of trapped organic liquid in
micromodels, pore casts, and blob casts show that this residual saturation existed as
disconnected blobs of varying size and shape. Although no quantitative analysis was performed
on the distribution of blob sizes, direct observations of the residual organic saturation from both
the micromodel and the blob polymerization experiments corroborates earlier studies which
showed that even in homogeneous media, the majority of the residual saturation is held in large,
branched blobs.

As discussed in this chapter, the pore-scaie distribution of the residual organic phase may
have important implications for dissolution and biocdegradation. It was pointed out that because
the bulk of trapped organic liquid is liable to be held in branched blobs, the dissolution rates may
depend as much upon diffusion and advection of organic constituents through thin water films as
upon organic-to-water partition kinetics. Not only might the pore-scale distribution of organics
affect the rate of bicdegradation, but microbial growth may in turn affect how water flows through
the blob-filled pore network.

Finally in this chapter, micromodel experiments were used to examine the influence of flow
rate on organic/water displacements. The residual water saturation was observed to be
dependent upon flow rate. Higher flow velocities of organic liquid displacing water resulted in
reduced residual water saturations. In contrast, the residual organic liquid saturation was
independent of flow rate. In these micromodel experiments as in the column experiments, the
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residual saturation was shown to be insensitive to the maximum organic saturation attained in
during organic liquid advance. Under the higher fiow rate, however, a greater proportion of the
residual saturation was contained in small blobs — singlets and doublets. The resuits from these
micromodel and column experiments suggest that for the pumping rates attainable in
homogeneous aquifers, a higher pumping rate will not result in increased recovery of free
product, but it may change the pore-scale distribution of the residual organics. While it has been
suggested that the pore-scale configuration of the trapped organic phase has an effect on
dissolution and biodegradation, research has not progressed to the point where it is possible
determine its relative importance in predicting the transport and fate of organic contaminants.
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CHAPTER 8
SATURATED ZONE RESULTS IN HETEROGENEOUS MEDIA

No soil is truly homogeneous. Soils exhibit spatially variable properties that are a result of
their original deposition and subsequent diagenesis. The importance of this variability on the fiow
of fluids and the transport of contaminants has only recently begun to be addressed by most
groundwater hydrologists. Gelhar (1986) and Dagan (1986) have reviewed the literature on this
topic; conspicuously absent is any discussion of muitiphase flow, other than water percolation in
a soil with air at a uniform pressure (the Richard’s equation approach to two phase flow).
Following this approach Yeh et al. (1985a,b,c), Mantoglou and Gelhar (1987), and Ababou et
al.(1988) have developed geostatistical theoretical and computer simulation models that
demonstrate the importance of sqil stratification on moisture movement in the vadose zone. At
high capillary pressures, the finer textured layers and lenses of soil absorb water through
capillary forces while the coarse layers remain relatively dry and impervious. The net result is a
hypothesis that the anisotropy of water permeability is a function of saturation. At low water
saturations the fine material is more permeable to water than the coarse material, and water has
a preference for horizontal flow along the beds due to capillary forces. At high saturations the
coarse material has the greater water permeability, and gravity forces tend to cause vertical
flow. This hypothesis has been verified in the field and the laboratory by Stephens and Heermann
(1988), Mattson et al. (1988) McCord et al. (1988a,b) and others. A similar observation was
made by Schwille (1988) using a hydrocarbon as the wetting phase. Pstroleum reservoir
engineers have largely ignored spatial variability, although that has started to change. The 1989
SPE Reservoir Simulation Conference had several sessions devoted to the tapic, which reservoir
engineers refer to as ‘reservoir heterogeneity’ (L.ake and Carroll, 1986; also Moissis et al., 1989;
Ewing et al., 1989). Most of this petroleum related work is focused on miscible displacement,
invoiving the advection and dispersion of chemical components in a single non-homogeneous
fluid phase. Earlier, Chatzis et al. (1983) briefly examined the effect of reservoir heterogeneity
on immiscible displacement, at the pore network level, using heterogeneous glass bead packs.
They observed that during water floods the spatial variation of capillary properties can lead to
large scale by-passing of cil-filled, coarse bead zones. This observation is consistent with the
vadose zone water infiltration studies showing air by-passed in the coarse lenses and layers.

There are conceivably many different types of heterogeneity that may occur in a soil or rock.
This research has focused on three simple types. The first is classified as an ‘aggregated soil’,
with strings of interconnected macropores penetrating a homogeneous matrix of micropores.
The macropores can also be viewed conceptually as fractures through a consolidated porous
rock. The micropores represent the porous matrix of that rock. Figure 43 is an illustration of the
micromodel pattern used to represent an aggregated soil. The pore network was identical to that
of the homogeneous model presented earlier(Figure 33), with the pores and pore throats
selected to be macropores simply enlarged in size. The second type of heterogeneity
investigated was lenses of coarse porous material embedded in a matrix of fine porous material.
An example of this heterogensity is gravel lenses buried in a sand matrix. Figure 45 is an
illustration of the micromodel pattern used to represent this type of variability. The third type of
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heterogeneity was a layered micromodel, illustrated in Figure 44. In all three cases, the pore
network was identical to the homogeneous model, but the pores in the coarse zones were
enlarged in size. All three types of heterogeneous micromodels could be said to have bi-modal
pore size distributions, with one peak associated with the coarse lenses or macropores, and the
second peak associated with the fine matrix or micropores. Both the aggregated micromaodel
and the coarse lens micromodel were run under two flow rates in order to examine the
dependence of trapping on flow rate. The recovery of organic phase from the coarse lens
micromodel was found to be strongly dependent upon the rate of displacement. These resuits
are predicted by a theoretical model. This model, based on the interplay between viscous and
capillary forces, explains why capillary trapping is strongly dependent on fluid flow rate when
discontinuous lenses or similar heterogeneities are present.

The coarse lens micromodel experiments were duplicated in short column studies to yield:
1) pore casts of trapped crganic liquid in a heterogeneously packed sand column and, 2)
quantitative measurements of increased trapping under this type of heterogeneity. There were
no short column experiments undertaken per se for either the aggregated or the layered
systems. But as for the effect of layering, the ‘homogeneous’ Sevilleta sand short column
experiments are revisited in an attempt to explain the anomalously high residual saturations as a
result of layering in the soil column.

In each laboratory experiment, the heterogeneous sample was first saturated with water and
then subjected to flooding with the organic liquid (Soltrol or styrene). After the fluid saturations
stabilized, the organic liquid was displaced by water, resulting in a residual organic liquid
saturation that depended on the type of heterogeneity present and the fluid flow rates.

AGGREGATED MEDIA

Micromodei experiments were conducted to examine the effect of an aggregated structure
on the advance and subsequent displacement of immiscible organics (first published in Wilson et
al., 1988b). When the experiments were repeated at a higher flow rate, the effect of increased
flow on the displacements was observed — but this effect was relatively inconsequential
compared to the tremendous impact that the aggregated structure imparted on the movement
of the fluids.

QOrganig Liguid Advance into an Aggregated Pore Micromadel

Soltrol was advanced vertically downward into the aggregated micromodel at a ‘slow rate’ of
0.075 mi/min. The experiment was then repeated with a ‘fast rate’ of 1.5 mi/min. The model was
strongly water wet. Figures 68a, 69a, and 70a depict the equilibrium conditions in the model at
the end of the organic liquid advancement at the slow rate. The close-ups are focused on the
same area depicted earlier for the homogeneous model (Figures 56 and 57). The equilibrium
condition for the fast displacement is shown in Figure 71a. These experiments have also been
recorded on videotape (Mason, et al., 1988).
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Figure 68.

Aggregated model. In the upper photo (a) Soltrol displaced water at a rate of
0.075 mi/min, from the left (the top of the model) to the right (the bottom of
the model), vielding a residual (irreducible) wetting phase saturation. In the
lower photo (b) Soltrol was displaced by water at the same rate, from the right
(the bottom of the model) to the left (the top), yielding a residual non-wetting
residual saturation. Soltrol was dyed red; the water was not dyed. The photos
record steady state flow conditions at the end of the displacements.

119



Figure 69.

Aggregated model detail from Figure 68, showing conditions following the
displacement of the water by Soltrol (a), and at residual non-wetting phase

saturation (b). The area is located near the top of the model, just to the right of
the centerline.
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Figure 70. Another aggregated model detail from Figure 68, showing conditions
following the displacement of the water by Soltrol (a), and at residual

non-wetting phase saturation (b). The area is located just below the very
center of the model.
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Figure 71.

Aggregated model. In the upper photo (a) Soltrol displaced water from the left
(the top of the model) to the right (the bottom of the model), at 1.5 mi/min
yielding a residual (irreducible) wetting phase saturation. In the lower photo
(b) Soltrol was displaced by water from the right (the bottom of the model) to
the left (the top), also at 1.5 mi/min, yielding a residual non-wetting residual
saturation. Soltrol was dyed red; the water was not dyed. The photos record
steady state flow conditions at the end of the displacements.
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The equilibrium saturations are similar in character for both rates. Capillary forces caused
the organic liquid to preferentially travel through the strings of macropores, almost completely
by-passing the water-filled micropores. Because very little organic liquid entered the micropore
matrix, the organic liquid traveled across the model much more quickly than it did for the same
injection rate in the homogeneous model. This by-passing of the water within the aggregates
resulted in a much higher residual water saturation, and a lower maximum organic liquid
saturation. Under ‘slow’ conditions essentially all of the micropores are by-passed, while ‘fast’
flow conditions permit some organic liquid penetration of the micropores due to the pressure
generated by significantly larger viscous forces. The ‘fast’ flow rate’s larger viscous forces also
account for reduction in capillary end effects at the lower end of the model.

Implications for spill migration rates and travel distances

In many parts of the country, groundwater consultants commonly distinguish between
gasoline leaking from underground tanks in unconsolidated deposits and leaks bedrock. In the
unconsolidated deposits, anecdotal evidence suggests that the much of the gasoline is trapped
by capillary forces with slow migration of the liquid gasoline. The gasoline tends to appear in
nearby streams not as a separate phase, but dissolved in the groundwater discharge. In
fractured bedrock the gasoline tends to move quickly and far, with observable liquid gasoline
discharges to nearby streams. The aggregated micromode! appears to provide a good analogue
to this fractured bedrock situation in which the matrix porosity of the bedrock is by-passed, and
rapid migration of the gasoline occurs through fractures.

Displacement of Organic Liguid by Water in_an Agareqgated Pore Micromodel

The photos in Figures 68b to 70b, and Figure 71b, depict the residual organic liquid left
behind after ‘slow' and ‘fast’ upward waterfloods, respectively. In each case, the residual
non-wetting saturation largely consisted of by-passed strings of organic liquid left behind in the
macropores. Because very little organic liquid initially penetrated into the aggregates, very little
organic liquid was subsequently trapped in them, resulting in much smaller residual organic
liquid saturations than were found in the homogeneous modei. Perhaps coincidentally, the
sweep efficiency (the amount of organic liquid recovered divided by the amount of organic liquid
originally in place) was actually about the same for the two models. Displacement of organic
liquid from the aggregated micromodel was no more efficient than displacement of organic liquid
from the homogeneous model, but the observed residual saturations in the aggregated modal
were much lower because the amount of organic liquid originally emplaced in this model was so
much less than for the homogeneous model.

Increasing the flow rate had a relatively minor effect on the residual saturations, yet there
was some difference observed between the two experiments run in the aggregated micromodel.
The ‘fast’ experiment led to a slightly higher residual, with more trapping within the aggregates.
When the organic liquid advanced into the model at a ‘fast’ rate it was able to penetrate into a
portion of the some of the aggregates. Later, during the water flood, some of this organic was
left behind, even though the water flood occurred under high flow rate conditions with significant
viscous forces. The low flow rate waterflood led to slightly lower residual organic saturations, not
because it was more efficient, but because there was less organic liquid to be removed.
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Implications for aquifer remediation

Two-phase flow experiments conducted in an aggregated micromodel demonstrate that the
saturation and spatial distribution of organic liquid found behind an advancing front of free
product depends on the combined effects of soil heterogeneity and capillarity. The amount of
organic liquid that is ultimately trapped within a unit volume of aquifer is strongly dependent on
how much organic liquid was originally emplaced within that volume.

Spilled organics can be expected to move quickly through aquifers which have
interconnected macropores or fractures. The organic phase travels preferentially through large
pores and fractures by-passing smaller pores in the matrix of these dual-porosity systems. The
residual saturations left behind following the recovery of free product tend to be comparatively
low, but can be expected to extend over a much larger portion of the aquifer.

In this aggregated micromodel, most of the residual organic liquid was trapped as by-passed
strings in the macropores. For field sites involving aggregated or cracked soils or fractured rock,
the implications are that it will be difficult to hydraulically remove all of the organic liquid from the
cracks and fractures. Since real fractures tend to be planar features, rather than the simple
lin@ar cracks shown in this micromodel, multiphase flow in the field is considerably more
complex than in laboratory micromodel experiments (see, e.g., the videotape on multiphase
flow in a single fracture by Wilson et al., 1988a).

MEDIA CONTAINING COARSE LENSES

In a sense, the 'coarse lenses’ model serves as the opposite case to the aggregated type of
heterogeneity in that the larger pores are discontinuous within a matrix of finer pores while in the
aggregated model the larger pores were continuous and the finer pores were discontinuous.

Of the three types of heterogeneity, the ‘coarse lens’ type was the most extensively
investigated. Four complimentary activities were undertaken to examine two-phase
displacements through media containing discrete coarse lenses in an otherwise fine matrix: (1)
micromodels were run harizontally and vertically, and under two different flow rates allowing
visual observation of the displacements under a variety of conditions, (2) pore casts were
created in a soil column (qualitatively substantiating the micromodel results), (3) experiments
measuring the residual saturations in soil columns were performed {quantitatively substantiating
the results of the other experiments), and (4) a predictive model was developed to explain the
experimental results. Piecemeal or otherwise less complete versions of these results have been
previously presented in Conrad et al. (1988), Mason et al. (1989b), and Peplinski et al. (1989).

In terms of scientific rigor it might be better to present the theoretical model first and support
it with the experimental results. But since it may not be intuitively obvious that the presence of
discontinuous coarse lenses can lead to large-scale by-passing of the organic phase, the flow
visualization experiments are presented first, allowing the reader to develop a feel for the
displacement processes at work. After the flow visualization and guantitative experimental
results are presented, the development of the mathematical model is given. The flow behavior
predicted by the model is explained and related back to the experimental observations.
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Micromodel Results

Organic liquid advance

Soltrol was advanced into a horizontally-held micromodel containing a number of coarse
lenses (Conrad et al., 1988; Mason et al., 1989b). The lenses were oriented paralle! to the flow
direction. The Soltrol injection was relatively slow, at 0.096 mi/min. Figure 72 illustrates the
process. During the experiment, the front of organic liquid advanced in the finer pore matrix until
it encountered a lens, then slowed while most of the incoming organic liquid preferentially
traveled through that lens because capillary forces resisting organic liquid entry were lower in the
larger pores of the lens (see top photo in Figure 72). When the lens was full, the front in the fine
pores picked up speed again until another lens was encountered. If the front encountered more
than one lens at a time it fed both of them until the one was full, and then fed only the second.
The front in the fine pore matrix always advanced from the rear; although a full lens might serve
as a source for a new front in the fine pores, movement always proceeded slower than
movement of the front through fine pores further behind. Favorable mobility (a more viscous
fluid displacing a less viscous one) played a stabilizing role in this displacement. Had the coarse
lenses extended across the length of the maodel, the fine regions would have been almost entirely
by-passed, similar to the displacement behavior seen in the aggregated model. Due to the
presence of the discontinuous lenses, progress of the advancement was very unsteady, with the
fine matrix front decelerating and accelerating as lenses were encountered. Consider this
unsteady flow to be a macroscopic analogy to the Haines' jumps seen on a pore level during the
advancement. (Haines' jumps on a pore scale are graphically recorded on the videotape by
Mason et al.,1988.) The final or equilibrium fluid distribution is shown in the bottom photo in
Figure 72. Wetting phase residual saturation is found in both the coarse and fine pore regions.
Because of the role of the lenses in the advancement, there are zones of fine material, located
between closely spaced coarse lenses, where the water was largely by-passed, leaving behind a
large residual wetting phase saturation in those locations.

The horizontal experiment was repeated in the same heterogeneous modsl but at a faster
flow rate of 1 mi/min. As above, the front of organic liquid advanced in the finer-pore matrix until
it encountered a lens, then slowed. Even though there was a siight difference in the way the
model filled with organic liquid, it did not make much difference in the residual water saturations
behind the front in each model. The only difference was that at the faster rate, there was less of a
capillary end effect.

Organic liquid selectively travels through the coarser portions of heterogeneous aquifers.
Lenses of coarse material embedded in a matrix of fine material (e.g. gravel in sand; sand in silt)
will influence the rate and direction of movement of an organic liquid, and create a ‘fingering’ or
‘dispersion’ of the location of the immiscible displacement front, provided that the lenses are
oriented in parallel to the flow direction. The front will ‘finger’ because of the heterogeneity, and
the competition between viscous and capillary forces. This fingering is a function of the length
and width of the lenses, and their pore-size contrast with the matrix.

For media with continuously varying properties that can be represented geostatisticaily, the
lens length would correspond to a correlation length. It is currently a controversial issue to
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Figure 72. Organic liquid advance into the horizontally-aligned ‘coarse lens'
micromodel. The photos show fluid distributions as the organic liquid was
part way through the model (top), and once the organic liquid had advanced
completely through the model (bottom).
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Figure 73. Lens model, run at slow rate, at residual saturation.

determine when ‘fingering’ due to heterogenseity, sometimes considered to be a form of
‘macrodispersion’, dominates over fingering due to viscous or density instabilities caused by a
contrast in viscosity or density across the immiscible interface. Most of the recent work on this
topic has focused on miscible displacement (Moissis et al., 1989; Ewing et al., 1989; Welty and
Gelhar, 1987,1989; Araktingi et al., 1988). The effect of capillarity in immiscible displacement
has been considered by some to be similar to local hydrodynamic dispersion operating during
miscible displacement, the reasoning being that transverse mixing caused by either processes
tends to limit viscous or gravity instabilities or ‘macrodispersion’ induced by heterogeneities
aligned with the direction of flow. While this notion may hold true for advance of a wetting phase,
the opposite appears to be true for advance of a non-wetting phase. During any drainage
process (non-wetting fluid displacing a wetting fluid), capillarity effectively limits transverse
mixing and enhances the growth of fingers. As we have seen for both the aggregated and coarse
lense micromodels, the advancing organic liquid has been constrained by capillarity to traveling
preferentially through coarse regions, and that this ‘macrodispersion’ was not mitigated by any
transverse capillary mixing process.

Displacement of organic liquid by water

Figure 73 shows the displacement of the organic liquid by water for the model depicted in
Figure 72. The water was injected at a rate of 0.096 mi/min (from the right of the photo). As
water advanced, the front moved in the fine pore matrix, splitting as it migrated around each of
the coarse lenses filled with organic liquid. At this slow rate, capillary forces dominated over
viscous forces to the extent that water was preferentially imbibed into the fine pore matrix even
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Figure 74. Lens model, run at fast rate, at residual saturation.

though it was of lower permeability. When the front reached the downstream end of a lens it
closed back together and trapped the non-wetting fluid in the lens via by-passing. Very little, if
any, non-wetting organic liquid was displaced from the coarse lenses. Typical pore-level
capillary trapping of blobs in the fine matrix occurred, but it was of much smaller scale, typical of
the results seen in the homogeneous model (Figure 55b). Figure 73 shows the equilibrium
condition at the end of the displacement. The residual organic liquid saturation was significantly
higher for this heterogeneous model, than it was for the homogeneous madel, due to large-scale
by-passing of the organic liquid in the coarse lenses.

Figure 74 shows the madel after organic liquid had been displaced by water at a fast rate of
1 ml/min. In contrast to the slow rate displacement, a significant amount of organic liquid has
been swept from the coarse lenses. The organic liquid remaining in the lenses was trapped on
the downstream end of the lenses. Sufficient viscous forces were generated by the fast flow rate
to partially overcome the capillary forces which held organic liquid in the lenses at the slow rate.
The effect of flow rate upon displacement was much more dramatic for this model than for either
the homogeneous model or the aggregated model in which only a modest rate effect was
observed. Since the viscosity of water is lower than that of Soltrol, this displacement was
somewhat unstable, and some viscous fingering was observed as water moved through the
model. The fingering resulted in some by-passing in both the fine and coarse zones. However,
many common organic pollutants are less viscous than water. For these fluids, the viscous
instability experienced in this experiment run under high flow rates would not be expected.
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At typical aquifer flow velocities, capillary forces can relegate the flow of water to
finer-grained regions, by-passing the coarser organic-filled regions. The result can be poor
recovery of organic liquids, as high residual organic liquid saturations are left behind.

Conventional wisdom in the aquifer remediation business has it that free-phase organics
should be recovered using a low pumping rate in order to reduce the cone of depression and
avoid ‘smearing’ the organics over a larger vertical extent in the aquifer. While not disputing the
fact that increased smearing may result from applying high pumping rates, it is believed that in
many instances the prospects of dramatically increased recovery may make the application of
high pumping rates worthwhile.

Buoyancy effacts: displacements in a vertically-held micromode/

In a variation of the ‘coarse lens’ micromode! experiment, Soltrol was advanced downward
into the vertically-held micromodel (Mason et al., 1989b). The Soltrol injection rate, as before,
was relatively slow at 0.096 mi/min. The organic liquid advance was virtually identical to that in
the horizontaliy-held case, except that buoyancy forces played a role in stabilizing the
displacement front by acting in the direction opposite to flow.

Organic liquid was displaced by water from bottom to top in the vertically-oriented model at a
rate of 0.096 mi/min, and the end result is depicted in Figure 75. Notice that a significant amount
of organic liquid was displaced from the coarse ienses even though the flow rate was low. in the
absence of sufficient viscous forces, buoyancy forces (generated by injecting the more dense
water phase from below) partially overcame the capillary forces which had previously heid
organic liquid in the ienses.

Capillary trapping is a function of both buoyancy and viscous forces. Whenever possible
remediation schemes should be designed so that buoyancy forces operate in favor of maximum
displacement.

Column Results

This ‘coarse lens’ experimant was repeated in several short TFE columns using styrene as
the organic liquid phase (Conrad et al., 1988, 1989; Peplinski et al., 1989). Three cylindrical
lenses were created by splitting the Sevilleta sand into two fractions with a size 50 sieve. The fine
fraction was used to pack the major portion of the column, with the coarse fraction used to
construct the three lenses, roughly 3.5 cm long and about 2 ¢cm in diameter. The column was
held vertically, and styrene was advanced downward slowly. Later, water was injected from the
bottom and displaced styrene upward at a relatively slow rate. The residual saturation of styrene
was hardened at the end of the water displacement, and pore casts were constructed by
replacing the water phase with epoxy. A longitudinal section of the column through one of the
lenses is shown in Figure 76. The coarse ienses contained a much greater saturation of styrene
than the surrounding fine matrix, validating the micromode! results. The residual saturation
trapped in the fine matrix was observed to be the same or perhaps even less than that observed
in the earlier homogeneous experiments. Even though this column was oriented vertically,
buoyancy forces were small and had little effect on the results. The greater density of styrene
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Figure 75. Lens model, vertically held run at slow rate at residual saturation.

along with much smaller pore sizes in the sand pack resulted in a much smaller ratio of buoyancy
forces to capillary forces than was encountered in the vertically-criented micromodel.

Another experimental trial was conducted in a similar column, but this time the column was
oriented horizontally during the organic displacement step, and the displacement was
conducted at a much faster rate. A longitudinal section of this column through a lense is shown in
Figure 77. Notice that some organic liquid was displaced from the coarse lenses, again
corroborating the results from the corresponding micromodel experiment. By-passed styrene
still remained in the down-gradient end of the stringer but the residual saturation in the

up-gradient end was reduced to small disconnected blobs similar to that found in the matrix of
finer pores.

Two vertical glass short column experiments were also run with coarse lenses, and
quantitative measurements were made of final Soltrol residual saturation (Conrad et al., 1988).
The columns were packed with three lenses, similar to the heterogeneous pore cast

130



Figure 76. Photograph of residual organic liquid saturation (shaded light) in a
heterogeneous sand pack. Water was flooded from left to right at a low rate.
Notice the high organic liquid saturation in the coarse lenses. The core is 5

cm long.
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Figure 77.  Photograph of residual organic liquid saturation (shaded light) in another
heterogeneous sand pack. Water was flooded from left to right. A high rate of
flow produced sufficient force to displace some organic liquid from the
coarse lenses. This core is 5.8 cm long.
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.| volumetric bulk maximum organic { bulk residual organic
sample} porosity percent liquid saturation * liquid saturation *
(%) coarse/fine (%) (%)
1 38.2+ 0.4 29/ 71 85.1% 2.5 31.0%+ 1.4
2 37.6%+ 0.4 31769 85424 31.2+ 1.5

* measured value + propagated error

Table 14. Measurements of bulk residual organic saturations in two heterogeneous
packings of the Sevilleta sand. The sand was divided into a coarse and a fine
fraction, and the coarse fraction was packed into the column as cylindrical
lenses within a matrix of the fine fraction.

experiments. The resuits of these experiments are given in Tabie 14. The observed ‘buik’
maximum and ‘bulk’ residual Soltrol saturations represent volumetric averages over the entire
column pore space. The observed ‘bulk’ maximum Soltrol saturation is consistent with that
observed in the homogeneously packed Sevilleta soil columns. If both the coarse and fine zones
had the same maximum organic saturation, and if no water imbibed into the coarse lenses during
the upward water displacement, then the residual Soltrol saturation in the lenses should not have
changed from this value of roughly 85%. In the fine matrix surrounding the lenses, the Soltrol
saturation was presumably reduced to something like 17%, less than the residual saturation
reported for ‘homogeneous’ packings of the Sevilieta sand but close to the S, values
measured in the less structured packings of the Traverse City sand and the Llano coarse sand. A
low residual saturation would be expected for the matrix because no layering would be expected
to develop since it was not packed under water. Accounting for the relative volume of each soil
fraction, an estimate for the expected bulk residual Soltrol saturation can be made. if one
assumes that little to no drainage of styrene occurred in the stringers, the measured ‘bulk’
residual saturation can be compared with a theoretical value:

estimated bulk residual saturation

= (normalized lens volume) X S, + (normalized matrix volume) X S, (42)
= 0.3x0.85 + 0.7x0.17
= 0.38

The actual bulk residual Soltrol saturation was only 31%, much greater than the 17%
expected for homogeneous scil packings and greater than the 27% found in ‘micro-layered’
Sevilleta sand columns, but aiso lower than the expected value of 38%. Perhaps the coarse
lenses actually occupied less volume than calculated. It is likely that some mixing occurred
between the coarse lenses and the fine matrix when the packing forms used to make the lenses
were removed from the column thereby reducing the effective volume of the coarse lenses.
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Figure 78 Random lenses of permeability k; in a matrix of permeability k.

Secondly, unlike the lenses in the micromodel experiment which had uniformly larger pores than
the matrix, the randorn arrangement of the coarse soil grains in the lenses would result in some
proportion of small pores within the lenses. And presuming some degree of connection batween
these pores, it would be expected that some of these pores would imbibe water during the
waterflood, reducing the saturation in the Ienses somewhat from the maximum saturation of 85%
— and thereby reducing the overall saturation as well.

These quantitative results are somewhat inconclusive. On one hand, residual saturations
were increased by the presence of coarse lenses, in agreement with both the micromodel and
pore cast results, but the observed residual saturations were somewhat less than the
theoretically predicted value.

The basic mechanism for capillary trapping via by-passing on a pore scale has been
recognized in both the petroleumn and hydrologic literature, as has been reviewed earlier in
Chapter 2. On a larger scale, the displacing wetting fiuid can migrate around clusters or lenses of
coarser pores which are preferentiaily occupied by the non-wetting fluid. Although this basic
mechanism is recognized, there appears to be no literature that looks at the conditions under
which displacement of non-wetting fluid from these lenses, may be achieved. A preliminary
version of the following discussion was presented by Conrad et al. (1988).

Model development
To better understand the mechanisms, consider a simple conceptual model of the aquifer
with porous lenses of intrinsic permeability ¥, embedded in a matrix of permeability £, as
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illustrated in Figure 78. The pore space of this binary media is initially filled by fluid B, one of two
immiscible fluid phases. The other fluid is designated fluid A. Fluid A is injected at a known flow
rate § on the left, and displaces fluid B from the pore space. The micromode! and column
experiments were run under similar constant flux conditions. There may also be some ambient
pore level residual saturation of fluid A. The pore space may be strongly wet by either of the two
fluids, or it may be neutrally wet. For example, Soitrol would be represented by fiuid A, as it
advances into a glass micromodel saturated with water, fluid B. When water displaced Soltroi,
fluid A would be the water and fluid B the Soltrol. The capillary properties of the matrix and lenses
are assumed to be correlated with their permeability. The spatial pattern and efficiency of the
displacement depends on the spatial statistics of the lenses (size, shape, frequency), wetting,
permeabilities, capillary properties, and the flow rate.

For this simple mathematical analysis a greatly simplified geometrical and fluid mechanical
conceptual model is adopted, as shown in Figure 79. The lenses are assumed to be roughly
rectangular in shape, with length [ . Over the cross-section taken normal to the flow, relative
areas of each flow zone can be calculated. The relative area of the lenses is a,, while the relative
area of the matrix is a;, such that:

a, + d; = 1 (43)

solution domain

Aiow

Figure 79. A uniform, parallel lens of permeability k. in a matrix of permeability k;.
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When the front hits the ienses the total flux will be divided into flow around the lenses, 41 , over

the area a,;, and flow through the lenses, 92 , over area a,.The net flux 7 is related to the
individual fluxes by:

g = a1q1 + axq: (44)

Note that if the total cross-sectional flow area is A, then the flow areas of k; and %,, are A, and
A, respectively. Thatis A=A, + A, = a;A + a;A, and the total flux over area Ais given by 7A =
91 Ay + 42 A2.

The model is based on the premise that displacement occurs as a sharp front. On each side
of the front only one of the two fluids is at greater than residual saturation. To the right this would

be fluid B, while to the left it would be fluid A. Then the flux rates are given by Darcy’s law, which
for flux in area g, (= 1,2) is:

(45)

where ¢; is the flux over the solution domain, !, in material i/, which has intrinsic permeability &, .

The relative permeability for each fluid is k,, and the viscous pressure drop is AP, (as

distinguished from the total pressure drop, AP, or the capillary pressure, P.).
For the sake of simplicity, two assumptions are made:

® uniform viscosity, (us =uz); and,

® each fluid has the same relative permeability and that permeability is uniform within each

fluid, (k,4 = k.5 = constant ).
These assumptions are easily relaxed for a more sophisticated analysis.

From these assumptions it foliows that within each material the pressure gradient across the
domain will be constant except for a pressure jump at the immiscible front caused by capillary
forces. For the case of a wetting fluid displacing a non-wetting fluid, the pressure profile in each
material is assumed to look something like that shown in Figure 80. Note that the total pressure

drop across the domain must be the same for both materials (ie, AP, = AP,), from which it
follows that;:

AP, - P =AP

wy = Fey (46)

By rearranging (46) in terms of AP,,, substituting the result into (45), and solving in terms of ¢1 ,
we get:
Iklkr (AP”Z +Pc1 "Pcz)

g, = (47)
nl
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fluid A

fluid A
fluid B

0 X [

Figure 80. Pressure profiles for fluid A as the wetting fluid for the fine matrix(top) and the
more coarse lens (bottom).

Now, solving (45) in terms of AP,,z and substituting the result into (47):

knky ( gap
T (kzk,+P°l_P”) e

By rearranging (44) in terms of 42 , substituting the resuit into (48) and solving for 41 we get:

Tl
fpkray t Loy = Pey

= ) ) (49)
i\ Tty * Tk

And, by analogy,

qul
tkay t Poy= Pey

q: = . ) (50)
e rr by
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Within each material, the capillary pressures can be related to the permeabilities in a gross
sense by way of the Kozeny-Carman equation (Carman, 1937). First, note that for a single pore
or capillary:

20 cos@
P, = 222 (51)
Ty

where r; is the radius of the capillary. By the Kozeny-Carman equation, R, = 18 Jk; for random

packings of equal spheres (where R; is the sphere radius). If a medium of well-sorted spheres is
assumed where r is of the same order as R:

P = 20 cos@ _ 20 cos® _ o cosé
“ r; R, 9\/;,

(52)

Finally, by substituting this relation into equations (48) and (50) and by merging these equations
into ratio form we get:

qud + ajocosd 11
1 kkr 9 '/,g j,q
B (53)

q1 Juet azocosd 1 1
R TR T

Using the dual-media mode/! to analyze the displacement process
According to equation (53), the displacement process changes depending on the ratio of

the flux rates, 2. The ratio of the flux rates can be divided into three regions of interest:

q
o) q2 q2 . . T/ I
=<0, 0<-—=<1,and — > 1, and two boundaries between these regions: — = ( and
q1 q 4 q1
,g_z, = 1. The displacement behavior within each of these regions will be examined for the case of
1

a wetting fluid (water) displacing a non-wetting fluid (organic liquid).

The first region, when % < 0, suggests counter-current flow. That is, for a wetting fluid

1

displacing a non-wetting one, 42 must be negative — indicating that the flow direction in the
lenses is opposite to that in the matrix. Since the initial conditions of this model have been set up

such that counter-current flow is not possible, 2 0 actually means that no flow occurs
q

through medium 2, the coarse lenses. Under such conditions, the advancing wetting fluid flows
entirely through the matrix, completely by-passing the non-wetting phase in the lenses. Just
such a displacement process was observed for low flow rate displacements in both the
micromodels and the column experiments (refer back to Figures 73 and 78). In both
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experiments, the organic phase in the coarse lenses was completely by-passed resuiting in a
high residual saturation.

When % becomes positive, flow through both media is achieved. To find the critical flux,
1

7 , needed to initiate the flow of water into the coarse lenses, equation (53) is set equal to zero

% _ 0) and solved in terms of 7 :
q:

7 = o cosb ky k. (1-as) 1 1

9l Voo e

(54)

From equation (54), one can see that the critical flux needed to initiate displacement of
arganic liquid from coarse lenses is inversely proportional to the length of the lens, [, and the
relative area occupied by the lenses, 4z, but is directly proportional to the capillary force,
o cos 8. As the length of the lenses is increased, the effect of capillarity relative to viscous

forces becomes proportionally less important and 7 becomes smaller. So too, as the portion of
the cross-sectional area occupied by lenses is increased, proportionally less matrix is available
for flow and it becomes easier to initiate flow into the lenses. And as expected, as the capillary
force is increased, it becomes more difficult to initiate flow into the lenses.

Figure 81 shows the relationship between the critical flux and the permeabilities. When
k1 = k3, the system is homogeneous and the critical flux is zero. As k: is increased, the critical
flux increases toward an asymptotic value. The fine matrix, k1, can vary between zero and Kz,

Toward either of these end points, the critical flux approaches zero, in one instance as &;
becomes impermeable, and in the other instance as the system approaches homogeneity. In
between these extremes the critical flux reaches a maximum in which displacing organic liquid
from the coarse lenses becomes most difficuit. At this point there is both sufficient permeability
in the matrix and a sufficient contrast in capillarity between the matrix and lenses to make

displacing organic liquid from the coarse lenses most difficult. For this particular formulation, 7

reaches a maximum when k; =&3/4.

If some reasonable values are selected for the parameters in equation (54)
(0 = 35dyne/cm, 8 =0°, k =5x10%cm2, Kk =10"cm2, &k =05, a =025,
{1 =100 cm, u = 1 ¢cP), an average flux rate of 9.6 x 107 ¢cm/s is obtained, which translates to
a gradient of 0.05. While it is important to realize that natural depositional processes create
lenses of varying lengths and permeabilities, the results of this sample calculation demonstrate
that recovery efficiency can quite often be a function of pumping rate within the range of
achievable field pumping rates.
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Figure 81.  Critical flow rates needed to displace organic liquid from coarse lenses as a
function of permeability in the coarse lens (top), and in the fine matrix
(bottom),

For the case when 0 < % < 1, flow occurs through both the fine matrix and the coarse
1
lenses, but the flux rate through the matrix is greater. If it is assumed that the porosities for each

medium are the same, then the ratio of the velocities is equivalent to the ratio of the fluxes

(2 = ..‘.13.) . The ratio of the velocities directly corresponds to the proportion of non-wetting
Vi q1

phase displaced from the lenses by the time water moving through the matrix has reached the
downstream end of the lens and by-passed any organic phase still remaining in the lens. For
example if % = 0.25, then the displacement front would be moving four times as fast through

1

the matrix as through a lens. Under such a scenario, only one fourth of the lens will have been
drained by water by the time water travelling through the matrix has reached the downstream
end of the lens. Three-fourths of the lens would still be filled with organic liquid when the lens
became cut off from the main body of organic liquid and by-passing occurred. Again,

experimental observations were in agreement with this model of displacement behavior. in both
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the micromodel and column experiments, at higher flow rates some organic liquid was displaced
from the coarse lenses (refer back to Figures 74 and 77).

As %—» 1, proportionally less organic liquid becomes by-passed in the lenses. When
1

L 1, the flux rates (and the velocities) are equivalent and no large-scale by-passing occurs.

a1

When % =1, The critical flux, 7, for equal velocities of flow in the matrix and the lenses is
1

given by:

e o cosl ky, ky k, 1 1
= —_———— 55
9.” ! (k?._kl) k1 k;_ ( )

Note that unlike the previous case (when % = (), equation 54), the average flux rate is no
1

longer dependent on the proportion of cross-sectional area occupied by the lenses, dz. Since the
velocities — and hence the net resistance to flow — are now equivalent, the proportion of area
occupied by lenses is becomes unimportant.

Using the same parameter values as before (¢ = 35 dyne/cm, 8 = 0°, k; = 5 x 10°® cm2,

ky = 107cm2, k, =05, /=100 cm, u =1 cP) an average flux rate of 2.5 x 10™cm/s is

obtained, which translates to a gradient of 0.08. Again, the sample calculation demonstrates
that substantially improved recovery can often be achieved within the realm of practicable field
pumping rates.

As a practical matter, in cases where the organic phase is more viscous than water,
increases in pumping rate may induce viscous fingering. In such cases, by-passing as a result of
viscous fingering can offset any gains in recovery efficiency due to the avoidance of by-passing
in the coarse lenses. Equations for predicting the onset of frontal instabilities have long been
available (e.g., Chouke et al., 1953). However, many commonly spilled organic liquids are
actually less viscous than water. In such cases, viscous instabilities would not present a
problem. ‘

When g_z_ > 1, the advancing water front moves more quickly through the coarse lenses.
1

When water is the more viscous fiuid, it would be expected that even though the flow velocities
are not equal, the displacement efficiency would be high. Just as had been seen eariier for
organic liquid displacing water in the micromodel experiment, favorable mobility would be
expected to play a stabilizing role in the displacement. However when water is the less viscous
fluid, any fingers formed due to higher water-front velocities in the lenses would be expected to
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continue to grow out of the downstream ends of the lenses resulting in by-passing of organic
liquid in the matrix and a reduction in displacement efficiency.

Applications of the dual-media mode/

This simple analytical mode! is useful in that it provides a conceptual framework to
demonstrate the range of displacement processes for this type of heterogeneity. It highlights
important parameters and their effect on the displacement process. It is aiso useful because it
works; it qualitatively reproduces the experimental results.

Because of the simplifying assumptions used in the development of the model, however, it is
not well suited for quantitative predictive modelling of laboratory experiments or aquifer
remediation operations. For such purposes, it is recommended that a multi-phase flow model
(e.g. Kuppusamy et al., 1987) be used — with the heterogeneities explicitly included in the
representation of the flow domain. The dual-media mode! developed as part of this study is best
used to explain on a continuum scale the physics of fluid entrapment in discontinuous lenses,
and predict the conditions under which such trapping may be avertsd.

LAYERED MEDIA

The effect of layering perpendicular to flow on organic/water displacements were explored in
three ways. First, a layered micromodel was used to demonstrate that the capillary end effect is
not only an experimental artifact to be minimized, but a process which repeats as displacements
advance over repeating sequences of coarser and finer layers. The capillary end effect has
important implications for muiti-phase flow in layered systems. Second, the insights gained from
the layered micromodels are used to revisit the Sevilleta sand column experiments. Evidence is
presented suggesting that the ‘homogensous’ Sevilleta sand columns inadvertently contained
small-scale layering, and that the layering resuited in anomalously high residual saturations.
Finally, an additional layered micromodel experiment is presented in which it is shown that
layering perpendicular to flow retards the growth of fingers, particularly for dense organics which
are especially prone to fingering.

Micr |

Figure 82 is a close-up of a layered micromodel at the juncture betwsen a coarse layer
(below) and a fine layer following the displacement of organic liquid by water. In this experiment,
an initially water-saturated micromodel (shown in Figure 44) was injected with Soltrol from top to
bottom, and then the Solitrol was displaced by water from bottom to top. In a process analogous
to that shown earlier in Figure 55a that produced a capillary end effect, water was displacing
Soltrol from the coarse layer until the water broke through to the fine layer along one or perhaps
two flow paths. The continuing flow of water takes place through the one or two connected flow
paths, as capillary forces preferentially draw the water into the fine layer, by-passing the Soltrol
remaining in the coarse layer. As you might imagine, such by-passing could lead to significantly
higher residual saturations — especially if the layers were not very thick. In such a case,
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Figure 82. Close-up of organic liquid trapped as a result of a capillary end effect. Water
(blue) displaced organic liquid (red) from bottom to top.

displacement in the fine layers might be fairly efficient, but the majority of the organic liquid in the
coarse layers would be by-passed. Almost as soon as water began displacing organic liquid from
a coarse layer, a finger of water would break through to the next fine layer resulting in
by-passing.

Evidence for layering in column packings of the Sevilleta dune sand was related in the
previous chapter. Based on that layering and on the demonstration of by-passing seen in the
layered micromodel, it is hypothesized that for water displacing organic liquid, water
preferentially imbibes into the finer micro-layers. Since the organic phase was the non-wetting
fluid in both the column and the micromodel experiments and far less likely to maintain
continuity, some of the organic liquid in the coarser layers was completely by-passed as the
water leapfrogged from fine layer to fine layer resulting in a relatively high residual saturation.

In a perfectly homogeneous porous media, the trapped blobs tend to be aligned with the flow
of water. That is, trapped blobs of organic liquid tend to be longer in the direction of water flow
than transverse to that direction. It is suspected, but unfortunately cannot yet be tested with the
data presently available that the blobs trapped in the Sevilleta sand were preferentially oriented
with the layering instead of with the direction of water flow.
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For homogeneous media, it is known that chiorinated organic solvents have a tendency to
finger upon reaching the saturated zone.These solvents often are more dense and less viscous
than water and non-wetting relative to water, all of which promotes flow instabilities. Tabie 15
gives the density and viscosity of some common chiorinated soivents. Schwille (1988)
presented flow visualization experiments which demonstrated the fingering of a dense organic
liquid (PCE) as it migrated downward through a glass bead pack.

Even though it has been shown that fingering of dense, low viscosity organics occurs in the
saturated zone, the displacement behavior of these fluids is much different in layered media.
Figure 83 serves to illustrate this point. An experiment was performed in a vertically aligned
micromodel with coarse lenses aligned perpendicular to flow. In actuality, Soltrol (less dense
than water) was flooded upward into the initially water-saturated micromodel, but the
photograph is presented up-side down because the instabilities caused by the upward migration
of a light organic liquid is directly analogous to dense organic moving downward. However, since
Soltrol is more viscous than water while chiorinated solvents can commonly be less viscous than
water, this experimental displacement was believed to be somewhat more stable than the
displacement it was intended to represent. The experiment could easily have been performed
using a chlorinated solvent, but it was preferable from a health and safety standpoint to run the
experiment using relatively innocuous Soltrol rather than a toxic chiorinated solvent such as TCE
or PCE.

Figure 83 shows the distribution of the organic and water phases after the organic liquid has
progressed all the way through the micromodel, but from this image it is easy to relate the ‘story’
of how the displacement progressed. As organic liquid entered the model, it uniformly filled the
end reservoir but immediately formed several fingers upon entering the pore network. Each
finger continued to grow until it encountered a coarse lens. Once a finger encountered a lens,
the finger ceased growing vertically as organic liquid from the finger tip flowed into the lens untit it
was filled. The effect of capillarity resuited in preferentially restricting the flow of the non-wetting
phase to coarser regions. And when the coarser regions form lenses or layers perpendicular to

chlorinated solvent density (g/cm3) viscosity (cP)
tetrachloroethene (PCE) 1.62 0.89
trichloroethene (TCE) 1.46 0.58
1,1,1-trichloroethane (TCA) 1.34 1.18
1,1,2,2-tetrachloroethane 1.60 1.84
carbon tetrachloride 1.59 0.97
Table 15. Density and viscosity of some common chiorinated solvents at 4°C. {from Byer
et al., 1981).
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flow, there exists a lateral component to flow sufficient to outweigh the forces causing the growth
of fingers.

Once the lenses filled, organic liquid again began flowing ‘downward’ and again immediately
became unstable as fingers formed off the downstream edge of the lenses. Fingers continued to
grow until yet another lens was encountered. This scenario repeated itself over and over as the
organic liquid progressed through the micromodel. Again, Figure 83 shows the final disposition
of the displacement. The coarse lenses were filled with organic liquid and fingers of organic liquid
interconnected the lenses. The presence of the lenses served to inhibit the growth of fingers,
which would have progressed unchecked in a homogeneous micromodel.

Implications for the migration of dense organics

In truly homogeneous media, dense organic liquids would tend to form fingers upon reaching
the saturated zone, just as has been seen in this micromodel experiment. Such fingering would
allow the dense organic phase to migrate downward through the aquifer quite rapidly — at a rate

Figure 83. The final distribution of fluids from a micromodel experiment representing
the percolation of dense organics through the saturated zone. The organic
phase was dyed red; the water was undyed. This experiment demonstrated the
effect of layering perpendicular to flow in impeding the growth of fingers.
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much faster than predicted by presently available numerical models which presume stable
displacements. These experimental results have also shown that layering can impede the growth
of fingers and make the migration of dense organic ‘sinkers’ behave more stably. However for
aquifers in which the heterogeneities are not well characterized, the presence of lenses and
layering can cause the organics to travel in unforeseen and unpredictable directions while
diverting it from its density-driven destination with the bottom of the aquifer.

Now consider again the case of micro-layered media, such as has been seen in the Sevilleta
sand columns. Almost invariably, any so-called homogeneous geologic media actually has
micro-scale heterogeneities imparted by deposition and diagenesis. For the specific case of
dense organics migrating beneath the water table in such media, it is certain the micro-layering
normal to the downward flow direction would inhibit the growth of fingers and stabilize the
displacement. As a matter of fact, Schwille's (1988) experiments using sand instead of glass
beads showed stable migration of dense organics in the saturated zone. In many of his
photographs, it is also possible to see the small-scale layering in so-called homogeneous
packings as made evident by the displacement process itself. It is not yet known however, the
conditions under which a dense organic liquid would finger as it moved downward beneath the
water table. For micro-layered ‘homogeneous’ media, the onset of fingering would be a function
of the fluid (the organic phase’s density, viscosity, its wettability relative to water) and of the
media (the soil's texture and especially the magnitude of the capillary contrast between
micro-layers). Clearly, theoretical work and systematic experimentation need to be performed
to address this important flow phenomenon. In the meanwhile, use extreme caution in
attempting to predict the downward migration of dense organics with any of the currently
available multi-phase flow models (e.g. Faust, 1985; Pinder and Abriola, 1986; Osborne and
Sykes, 1986; Kuppusamy et al., 1987; Corapcioglu and Hossain, 1990).

CHAPTER SUMMARY AND SOME CONCLUDING COMMENTS

The experimental results presented in this chapter ha\)e examined two-phase
(organic/water) displacements and capillary trapping in a variety of heterogeneous porous
media. The effect of heterogeneities on fluid flow and transport is currently a hot topic in
hydrology, but the vast majority of this work has been related to either scale-dependent
dispersion of a solute in the saturated zone (single-phase flow and transport) or,
state-dependent anisotropy in the vadose zone (two-phase flow of water and air). In contrast,
relatively little experimental work has been performed to look at the effect of heterogeneity on
the two-phase flow of an organic phase throd’gﬁ“the satur§ted zone.

Three types of heterogensities were studied. In the aggregated system, strings of
interconnected macropores separated clumps of micropores. This dual-porosity arrangement
served as an analog to fractured media. In the coarse lenses system, coarse lenses were
imbedded into a finer matrix. In the layered system, coarser and finer layers were arranged
perpendicular .to flow. Each of the three types of heterogeneity were formed from a bi-modal
distribution of pore sizes. In each case the coarser regions contained pores having larger pore
bodies and pore throats, and consequently a larger intrinsic permeability than the finer regions.
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Agar Medi

In organic/water displacements conducted in the aggregated micromodel, the organic
phase moved quickly through the interconnected coarse macropores, largely by-passing the
aggregates of micropores. The residual organic liquid saturation remaining following the
waterflood was much lower than that remaining in the homogeneous micromodel, These
experimental results suggest that spilled organics can be expected to move quickly through
aquifers which have interconnected macropores or fractures. The organic phase would be
expected to travel preferentially through large pores and fractures, by-passing smaller pores in
the matrix of dual-porosity media. The residual saturations left behind following the recovery of
free product would tend to be comparatively low, but would be expected to extend over a much
larger portion of the aquifer.

Medi ntainin oarse Lens

Of the three types of heterogeneities examined, the ‘coarse lenses’ heterogeneity was the
most extensively studied. Flow visualization displacements were conducted in both micromodels
and sand columns. Residual saturation measurements were obtained from additional sand
column experiments.

In addition, a mathematical model that used capillarity and average flux to predict two-phase
flow through two media aligned in parallel was developed. Although the model was demonstrated
for the case of water displacing organic liquid from coarse lenses, it could just as easily been
applied to the aggregated model to predict the flux rate at which organic liquid would penetrate
into the aggregates. The model could also be applied to the case (not covered here) of
continuous layering parallel to flow.

For the case presented, the model showed that the force exerted by capillarity was sufficient
to cause by-passing of organic liquid in the coarse lenses even though these lenses were more
permeable. At higher flow rates water can be forced into the coarse lenses, resulting in
displacement of additional organic liquid and improved recovery. The critical flow rate at which
water enters the coarse lenses is a function of: the permeabilities of each of the media, the
proportion of cross-sectional area occupied by the lenses, the length of the flow domain (for this
example, the length of the lenses), and the interfacial tension and the relative wetting of the
fluids.

The capillarity of the system does not Ché}ige with flux rate. At still higher flux rates,
capillarity becomes relatively unimportant and the flow reéime approximates a single-phase
system in which water preferentially flows through coarser (higher permeability) regions. At high
average flux rates, the flux rates between regions approach the ratio of the permeabilities — just
as would be the case for one-phase flow. '

In the absence of mobility-induced fingering, improved recovery of organic liquid is attained
when the ratio of fluxes through coarse and fine regions becomes greater than zero, and
maximum recovery is attained when the ratio of fluxes approaches unity. Or in other words,
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increasing the average flux rate beyond a critical value resuits in improved recovery. Using a
hypothetical example, it was shown that improved recovery can be achieved within the reaim of
attainable field pumping rates.

Laboratory experiments conducted in micromodels and in Sevilleta sand columns showed
identical flow behavior to that predicted by the dual-media model. At low flux rates the organic
liquid in the lenses was completely by-passed. At higher rates, some displacement of the
organic liquid in the lenses was attained, resulting in improved recovery and a reduced residual
saturation. These results of these experiments are comparable with the resuits obtained from
similar types of experiments undertaken tc demonstrate state-dependent anisotropy (e.g.
Stephens and Heermann, 1988; McCord et al., 1988a,b).

Layered Medi

The layered media experiments were conducted in micromodels. Observations of water
displacing organic liquid from a layered micromodel showed by-passing of the organic phase as
the water front progressed from a coarse layer to a fine layer. This particular form of the
by-passing mechanism, which coincidentally is identical to the capillary end effect observed in
two-phase laboratory experiments, can result in significantly higher residual saturations —
especially if the layers are not thick and the process repeats often.

It is speculated that anomalously high residual saturations measured in the Sevilleta sand
were caused by micro-layering developed during packing. These resuits are significant because
sedimentary geologic media commonly contains micro-scale bedding imparted by depositional
processes.

The presence of layering may be fortuitous in the case of dense organics such as
halogenated hydrocarbons migrating downward through the saturated zone. These solvents may
finger as they move downward through the saturated zone because they tend to be more dense,
less viscous, and non-wetting relative to water. In layered media, the tendency for a non-wetting
phase to migrate into coarser layers resuits in a lateral component to the flow which siows the
growth of fingers. The presence of layering means: the dense organic liquid flows downward in a
more stable manner, the downward flow is much slower, and this movement can be adequately
predicted using presently available muiti-phase flow models.

ne Final mmen

In addition to whatever these experiments have illustrated about the nature of immiscible
flow of organic liquid and water in heterogeneous media, they also make excellent tests against
which to attempt to validate flow models. From a survey of the literature it appears that, aside
from Osborne and Sykes (1986), nobody has attempted to model the immiscible flow of organic
poliutants in anything but homogeneous media. It would be interesting to test the currently
available numerical models to see which ones could reproduce the flow behavior seen in these
experiments. It would also be interesting and appropriate to use these experimental resuits to
attempt to validate 'pseudo-function’ models (e.g. Saez et al., 1989). These models attempt to
represent heterogeneous multi-phase flow behavior with an effective homogeneous medium.
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CHAPTER 9
VADOSE ZONE RESULTS

Figure 84 depicts the portion of the aquifer that includes residual saturation in the vadose
zone. Whether an organic liguid is more dense than water (left below) or less dense than water
(right beiow}, it leaves behind a trail of capillary trapped residual in the vadose zone as it makes
its way downward toward the capillary fringe. Above the capillary fringe the trapped organic
shares the pore space with air and water,

The movement of organic liquid through the vadose zone is more complicated (especiaily on
a pore scale) than in the saturated zone. In the vadose zone, a downward percolating organic
phase encounters a partly air-filled, partly water-filed pore network. The organic liquid is
generally of intermediate wettability — that is, non-wetting relative to water, but wetting relative
to air. The organic phase, depending on whether it encounters air or water, can display either
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Figure 84. Schematic of residual organic liquid trapped in the vadose zone.
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wetting or non-wetting behavior. And because of its intermediate wettability, the organic phase
tends to be found in between the water phase which preferentially occupies the smallest pores
and the air which preferentially fills the largest pores. In fact, many organics have low internal
cohesion and will spread, forming thin films between the water and air phases. For these
reasons, the distribution of residual organic in the vadose zone is much more diverse and
complex than in the saturated zone. A dropping or fluctuating water table can further complicate
the behavior of organic liquids in the vadose zone.

This chapter on organic liquid movement and capillary trapping in the vadose zone begins by
presenting the quantitative measurements of residual saturations from the short column
experiments. The implications of these results are discussed and theoretical considerations are
presented, including a comparison to saturated zone conditions. Qualitative resuits of several
micromodel flow visualization experiments, as well as results from pore cast experiments are
then presented and these results are also related to saturated zone conditions.

RESIDUAL SATURATION MEASUREMENTS IN SOIL COLUMNS

Quantitative measurements of residual saturation were made in short soil columns, as
described in Chapter 4. Ten trials of the column experiments were successfully completed to
determine residual saturations in the vadose zone, representing conditions far above the water
table. Briefly, in each experiment an initiaily water saturated soil column was first drained with air
under an applied suction to create an initial vadose zone condition. After the water saturation
stabilized, an arganic phase was flooded into the column, simulating the infiltration of organic
pollutants through the vadose zone. After the fluid saturations had stabilized, the organic liquid
was drained under an applied suction. Once the column re-stabilized, the residual organic liquid
saturation was measured.

The ultimate organic liquid saturation left behind in the vadose zone is not independent of
saturation history. In our column studies, we chose one simple but realistic saturation history to
directly compare residual organic liquids found trapped in the saturated zone to those found
trapped in the vadose zone. Owing to the saturation history dependence of residual saturation,
the following operational definition for residual saturation in the vadose zone was used:

vadose zone residual saturation — The organic liquid saturation obtained by injecting
organic liquid into a water- and air-filled porous medium — in which water is already
at its residual saturation — until the fluid saturations stabilize, followed by drainage
of the organic liquid with air until the organic liquid becomes immobile and can be
reduced no further,

It was hypothesized that residual saturations in the vadose zone would be substantially less
than those measured for the saturated zone. It was anticipated that the presence of a third and
non-wetting phase, air, along with the increased buoyancy forces and decreased capiliary forces
operating in the vadose zone, would be the causes for this lower residual saturation. The
following discussion offers an explanation of the reasoning behind the hypothesis (expanded
from Conrad and Wilson, 1988; Wilson et al., 1988b).
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Why Residual rations Are Ex maller in the V n

In the subsurface, capillary forces often dominate over viscous and buoyancy forces which
oppose trapping. However, in instances where sither viscous, or buoyancy, or a combination of
these forces are large enough to overcome capillary forces, the residual organic liquid
saturation may be reduced (Morrow and Songkran, 1981). Figure 85 illustrates this process. In
two curves — one in which a wetting fluid displaces a non-wetting fluid, and the other in which a
non-wetting fluid displaces a wetting fluid — the residual saturation is plotted as a function of the

F, +F
ratio of viscous plus buoyancy forces to capillary forces, —Y-F—-—E . First consider the case when
c
the organic phase is non-wetting (such as when water displaces organic liquid in the saturated

. FV + Fb
zone). Beneath a critical value ofT
[+

capillary forces and residual saturations are maximum, at a value of S.; . Once the critical value

, viscous and buoyancy forces are small compared to

is exceeded, the combination of viscous and buoyancy forces overcome capillary forces at
some locations and the residual organic liquid saturation is reduced. Amaulfule and Handy
(1982) suggest that when displacing a wetting fluid (such as organic liquid being drained by air in

F + Fy
the vadose zone),any increase in the capillary number (analogous to our ratio, _ Yy will

F.
bring about a reduction in trapping. No critical value need be exceeded for a reduction in residual
saturation to occur. The difference in displacement behavior for wetting and non-wetting fluids
may be attributable to the fact that a wetting fluid is able to remain connected as it is being
displaced while a non-wetting fluid breaks into discontinuous blobs. Although it is the
intermediate-wetting fluid in the vadose zone, organic liquid will usually remain as a continuous

critical

value FV + Fb
Fc

Figure 85. A theoretical plot of trapped organic liquid as dependent upon the ratio of
viscous and buoyancy forces over capillary forces when the organic phase is
non-wetting (solid line), and when it is the wetting fluid (dashed line).
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density Interfacial
. . difference tension
Zone fluid pair (g/cm3) (dyne/cm)
Vadose Soltrol/air 0.75 19.2
Saturated Soltrol/water 0.25 48.7

Table 16. Relative density differences and interfacial tensions in the vadose zone and
saturated zone. .

phase, at least through films on the water phase. In this sense it acts as a wetting phase as it is
drained by air in the vadose zone.

Fv + Fb
F.
organic pollutants immiscible with water have a much greater buoyancy force in the vadose zone

Residual saturation decreases as the ratio, , I8 increased. Significantly, most

(larger Fy), due to the large fluid density difference with air. The interfacial tension between air
and organic liquid in the vadose zone is usually smaller than the tension between the organic
liquid and water in the saturated zone (smaller F.). For example, Soltrol-130, the organic liquid
used in the micromodel experiments and column studies, has three times the buoyancy forces
and 2.5 times less capillary forces in the vadose zone than in the saturated zone (see Table 16).

F, +F,
Under equivalent conditions (i.e., same soil and packing), T will be a much larger in the
(o4

vadose zone compared to the saturated zone. It is speculated that in the vadose zone buoyancy
forces are sufficient to at least partially overcome capillary forces and thereby reduce the
residual saturation. Conversely, in the saturated zone, the combined buoyancy and viscous
forces are not great enough to overcome the capillary forces and the residual saturation is
maximum.

Measured Residual Saturation

A summary of the vadose zone results is presented in Table 17. (These results were also
reported in Hagan et al., 1989). All experiments were conducted with Sevilleta soil and
Soltrol-130. In the first step of the experiment, an initially water-saturated column was drained to
created unsaturated conditions. The column was drained under sufficient suction to reach the
asymptotic portion of the capillary retention curve where the sand was almost completely
drained and the water saturation became relatively insensitive to changes in capillary pressure.
W_ater saturations in this region of the retention curve approached the residual water saturation,

Swr . The water saturation established in this drainage step remained constant throughout the

duration of the experiment. The air saturation after this initial drainage step was: 100% - S,, . The
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Temp. Maximum Organic | Residual Organic
Trial |Suction *| Range | Water Saturation | Liquid Saturation | Liquid Saturation
(x 1 cm) | (°C) (%) (%) (%)
1 60 4.0 18.1 + 1.9 62.1 + 1.6 8.3+0.4
2 68 3.6 19.8 + 1.9 65.5 + 1.8 12.0 + 0.5
3 59 5.0 22.8+2.3 63.9 + 2.1 9.7+ 0.6
4 61 4.3 21.6 £ 2.1 78.3 + 2.2 11.3 + 0.5
5 66 2.3 18.5 + 2.1 64.5 + 1.9 7.7 £ 0.4
6 71 4.3 203 +2.2 66.2 + 2.0 7.9+ 0.5
7 70 2.1 232+ 2.2 56.9 + 1.8 12.2 £ 0.6
8 69 1.9 183+ 2.4 65.2 + 2.1 7.1+ 0.4
9 71 2.6 19.8 + 3.7 66.1 1 3.2 9.1+ 0.7
10 75 2.0 15.8 + 2.4 71.4 £ 2.2 55+ 04
Avg - - 19.8 66.0 9.1
o, - - 2.3 5.6 2.2
* cm of water were used during water drainage, cm
of Soltrol were used during organic liquid drainage.
Table 17. Results from the vadose zone column experiments. Soltrol-130 was used as

the organic liquid and Sevilleta sand served as the soil.

average water saturation over the ten experimental trials was 19.8%, thus the average air
saturation was 80.2%.

Next, Soltrol was injected into the column simulating the movement of organic liquid
percolating through the vadose zone toward the water table. Advancing Soltrol displaced only air
from the column. Again, because the water saturation was so low (at or near its residual
saturation), the water was essentially immobile and none was displaced from the column. At the
conclusion of this step the organic phase had reached its maximum saturation {listed in
Table 17). The maximum organic saturation reached in these vadose zone experiments was
significantly lower than the maximum saturation reached in the saturated zone column
experiments (66.0% versus 85.1% on average) due to to the presence of a third phase — that is,
entrapped air occupied pore space that otherwise would have been occupied by Soltrol in a
two-phase (saturated zone) system.

The entrapped air saturation at the conclusion of the Soltrol injection was caiculated as:
100% - S, - S, . The mean entrapped air saturation over the ten experimental trials was 14.2%.

Since the water saturation was unchanging, it might be reasonable to think of organic liquid
displacing air as being analogous to the final displacement step of the saturated zone
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experiments where water displaced organic liquid leaving behind a residual saturation — in each
case a more wetting fluid displaced a less wetting one and some entrapped non-wetting phase
was left behind. However, the entrapped air saturation in the three-phase experiments was found
to be only about one half the residual organic saturation of the saturated zone experiments
(14.2% versus 27.1%). Some of the air may have dissolved into the displacing organic phase,
but more likely the displacement was more efficient for some reason. Perhaps, due to the very
low viscosity of the air phase, the air was less likely to become by-passed. One could think of this
phenomena as the effect of an extremely favorable mobility ratio operating on a pare scale. At
any rate, it appears that entrapped air saturations are consistently smaller than residual organic
saturations. Two-phase organic/air and water/air retention curves yield similar entrapped air
saturations (see Appendix A).

In the final step of the three-phase experiment, organic liquid was drained from the column
and replaced by air. Sufficient suction was applied to reduce the organic liquid saturation as low
as possible by purely hydraulic means. The average measurement of residual organic liquid
saturation in the vadose zone was found to be 9.1 + 2,2% — less than one third of the value
measured in the saturated zone, confirming the hypothesis. As will be seen in the flow
visualization experiments, the residual organic phase in the vadose zone remains
interconnectad (unlike in the saturated zone where the residual becomes trapped as
discontinuous blobs), but the permeabiiity at this saturation has been reduced so low as to be
negligible. This vadose zone residual saturation has been referred to by other researchers as the
organic phase ‘retention’ for a soil.

mparison with Other i

The organic phase retention from these three-phase experiments were not significantly
different from the minimum organic saturations obtained from air/organic drainage curves
(compare with the results in Appendix A). These findings are somewhat inconsistent with those
of other researchers reporting results from column studies. Eckberg and Sunada (1984)
reported slightly higher organic liquid retentions in two-phase (organic/air) systems than for
three-phase (water/organic/air) systems. Convery (1979) reported two-phase retentions to be
between 10% and 25% higher than three-phase systems, while Hoag and Marley (1 9886) reported
retentions between 20% and 30% higher.

Eckberg and Sunada measured fluid saturations at points along their long column, but both
Convery, and Hoag and Marley reported saturations that were integrated over the length of their
long soil columns. Such an approach gives an ‘averaged’ saturation as opposed to a vadose
zone retention because the fluid saturations were not uniform over the length of the columns.
Due to the boundary conditions at the bottom of their columns (P, = 0, an open-air boundary)},
they had a capillary fringe (a capillary end effect) at the bottom. This lower boundary caused
fluid saturations to vary from the bottom of a column (high wetting phase saturation) to the top
(much lower wetting phase saturation). Not surprisingly, Hoag and Marley found that their
measured saturations varied with the length of column they used in their experiments.

Failure to account for capillary end effects resulted in artificially high organic phase
retentions. This result was especially true for the two-phase system in which the organic liquid
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acted as the wetting phase and assuredly was present in high saturations at the bottom of the
column, in the capillary fringe. In Eckberg and Sunada's study, the problem of capillary end
effects was avoided by taking point measurements. In the current study, the problem was
avoided by using a short column (in which the saturations can vary only slightly over the length of
the column), and by applying a suction at the bottom boundary (P. > 0).

In summary, the organic phase retentions measured in this study were similar to those of
Eckberg and Sunada (1984) in that the organic liquid retentions measured for three-phase
(water/organic/air) systems were not much different than retentions measured for two-phase
(organic/air) systems. Although Convery (1979) and Hoag and Mariey (1986) reported higher
organic liquid retentions for two-phase systems than for three-phase systems, these results may
be attributable to an artifact of their experimental design. They measured one ‘averaged’
organic liquid retention over the length of a long column, but didn’t account for capillary end
effects at the bottom boundary of their columns.

ORGANIC LIQUID IN AN UNSATURATED HOMOGENEOUS MICROMODEL

Micromodel flow visualization techniques in homogeneous media were used to illustrate the
scenario of a large slug of organic liquid percolating vertically downward into the vadose zone
(Mason et al., 1989a,b). This scenario was simulated by first saturating a micromodel! with
water. Then, a vadose zone condition was created by draining the water with air to a low water
saturation. An organic liquid was advanced downward into the experimental apparatus,
representing the advance of the slug of organic liquid. And finally, the organic liquid itself was
drained by air, representing the trailing end of the siug and the residual saturation left behind.
The organic phase left behind in the vadose zone was observed visually. By creating a saturation
history similar to the three-phase column experiments, we can get an inkling of what the residual
saturation in those soil columns must have looked like.

reating the Initial V. Zon ndition

The homogeneous micromodel with the capillary barrier (see Figures 33 and 41) was usedin
this three-phase experiment. The model, oriented vertically with the barrier at the bottom, was
imbibed with water from the bottom and then drained from the top with air to achieve the initial
vadose zone condition. The water was introduced and drained from a buret. The water was
drained under a suction of about 15 cm H,0O, just under the air entry pressure of the capillary
barrier. The steady-state condition of the entire model, at the end of drainage, is shown in
Figure 86. In these photos the water was dyed blue; the air was colorless. This steady-state
condition represented the vadose zone above the transition zone, where the water approached
residual wetting-phase saturation. Because the model had fairly large pores and a relatively
uniform pore size distribution, not much suction was needed to achieve a fairly complete
drainage. Unlike the results obtained from other micromodels, the presence of the capillary
barrier at the bottom of the model prevented a capiliary end effect.
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Organic Liguid Advance

Red-dyed Soltrol was advanced downward into the drained micromodel at a relatively siow
rate of 0.096 ml/min. Air and perhaps some water was pushed ahead of the advancing front of
organic liquid. At the bottom of the model sufficient pressure was achieved to exceed the air
entry pressure of the capillary barrier, thus allowing air to escape.

Often during this displacement, some organic liquid was observed ahead of the main front of
advancing organic liquid. At first glance, it was difficuit to understand where this fluid had come
from, but closer examination revealed that it had traveled through thin films of organic phase
formed between the air and water phases. McBride et al. (1990) argue that the spreading
pressure that leads to the formation of these films is not implicitly incorporated into the capillary
pressure, and that this spreading force needs to be explicitly incorporated into the calculation of
the driving forces for three-phase flow modeis.

The steady-state condition for the entire model, at the end of the organic liquid
advancement, is shown in Figure 87 and a more detailed photo is shown in Figure 88. Notice in
the detailed photo that the Soltrol has formed a number of thin films between the air and the
water. Many organics have relatively little internal cohesion and therefore tend to spread in this
fashion, resulting in a reduction of the surface energy of the system. As will be discussed in more
detail later, these films are quite often the thread of continuity that keep all the little pockets of
organic liquid in hydraulic connection.

Notice also that the saturation and distribution of the water phase remained almost entirely
unchanged when compared to the initial vadose zone condition, and that the air phase has been
reduced to an entrapped residual non-wetting phase saturation similar to that seen for the
organic phase in two-phase micromodel experiments (refer back for instance to Figure 55b).
Because of the presence of air in the vadose zone, the maximum organic liquid saturation
achieved was not as great as in the saturated-zone case. Compare the organic liquid saturation
in Figure 87 to that of Figure 55a,

Drainage of Qrganic Liquid by Air

In the final step of the experiment, Soltrol was drained from the model by air, representing
the continued percolaticn of the organic phase downward toward the water table. The Soltrol was
drained from the model under a small applied suction. This suction is believed to have been
insufficient to completely drain the organic phase to its lowest possible saturation, but because
Soitrol has a much lower surface tension than water, higher applied suctions would have resulted
in air breaking through the capillary barrier.

The final distribution of fluids within the entire model is shown in Figure 89, while the close-up
photos in Figure 90 illustrate the more complex distribution of organic liquids left behind in the
vadose zone. Compare Figure 89 to Figure 55b and note that the amount of grganic phase
retained in the vadose zone is much less than the residual saturation left behind in the saturated
zone — just as was the case in the column experiments.
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Figure 87. Steady state conditions after the Soltrol invasion into the vadose zone model.
: Soltrol was dyed red, water was dyed blue, and the air was not dyed.
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Figure 88. Detail of steady state conditions after the Soltrol invasion into the vadose zone
model. Soltrol was dyed red, water was dyed blue, and the air was not dyed.

Organic liquid can be trapped in several different ways in the vadose zone. In particularly dry
areas, it can be trapped in pore throats, in small pores, and as films entirely within the air phase.
Occasionally, organic liquid can be trapped — as in a two-phase case — as blobs within the
water phase, although this kind of trapping is more likely to occur when the initial water content is
relatively high or when infiltrating water follows the organic liquid (e.g.. rainfall following a spill
event). However, due to its intermediate wetting properties and its tendency to spread, organic
liquid in the vadose zone is most commonly retained in between the water and air phases. Notice
in the detailed photo that although the saturation of the organic phase had been reduced by
drainage, the thin films of organic liquid between the air and the water were still present.

In contrast to blobs trapped in the saturated zone, the organic phase trapped in the vadose
zone remains more or less continuous. The final distribution of Soltrol in this micromodel —
although complicated by the presence of water — was not dissimilar to drained wetting phase
distributions described by Hillel (1980), Gvirtzman et al. (1987) and others. In this particular
experiment, because of the relatively low initial water saturation and because the organic phase
readily spread on the water/air interface, the organic phase acted much like a wetting phase
both in its character of migration and its final distribution within the pore space. Based on this
observation, unsaturated (water/air) flow models could serve as a good approximation to
organic liquid movement for spills in arid soils.

Implications for flow modelling

Some of the insights gained from these pore-level and bench-scale vadose zone
experiments may be used to refine our present conceptions about multi-phase fluid flow and the
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Figure 90.  Detail of steady state conditions after the Soltrol has been drained by air from
the vadose zone model. Soltrol was dyed red, water was dyed blue, and the air
was not dyed.

partitioning of organic components between phases. The pore-scale observations in some
cases also can be useful in evaluating the reasonableness of multi-phase flow and transport
models.

As a quick example of how these resuits can be applied to evaluating multi-phase flow
models, let's look at one assumption of Parker and Lenhard's (1987) hysterstic model of
multi-phase flow. In this model, entrapment of one fluid phase within another fluid phase of lesser
wettability is assumed not to occur (e.g. organic liquid within air). This assumption, while being
computationally advantageous, may not always be reasonable as demonstrated in the
three-phase micromodel and column displacement experiments of this study. Figure 90 shows
trapped organic liquid in a three-phase system. In this photo, almost all of the organic liquid is
trapped between the air and water phases — contrary to the assumption of the Parker/Lenhard
model which allows for trapping of organic liquid only within the water phase.

Our three-phase flow visualization experiments have shown that the organic liquid can be
trapped in several different ways in the vadose zone, not just as discontinuous blobs within the
water phase. Three-phase soil column experiments provide additional evidence. The
Parker/Lenhard model would predict no trapping of the organic liquid in our column experiments,
but results show that a significant amount of organic liquid is indeed trapped (9%). As a practical
matter however, when the organic liquid saturation gets low enough, the Parker/Lenhard model
drops the organic liquid permeability so low that organic liquid flow essentially ceases. So in this
case, even though the assumptions of the Parker/Lenhard model are not in agreement with
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experimental observations, the model would appear to be able to reproduce similar ‘residual’
organic liquid saturations in the vadose zone to those observed experimentally,

On the other hand, another assumption of the Parker/Lenhard model — that three-phase
capillary pressure/saturation relationships can be approximated by two two-phase
relationships — appears to be a valid one, This assumption, first proposed by Leverett (1941),
maintains that water saturations in a three-phase system are a function of the two-phase
water/organic retention curve, while the total fluid saturations (water + organic) are functions of
the organic/air curve. Implicitly, this assumption does not allow water/air interfaces to exist. And
indeed, in our flow visualization experiments we see comparatively few water/air interfaces. So
for the majority of common organic pollutants which tend to spread between the air and water
phases in the vadose zone, approximation of three-phase capillary pressure/saturation
relationships using two two-phase retention curves seems to be an appropriate assumption to
invoke because it preserves the physics and surface chemistry of the three-phase flow system
(in addition to being computationally advantageous).

Network or percolation models have been used to model muiti-phase displacements on a
pore scale. Recently, attempts have been made to extend percolation theory to three-phase
systems (e.g. Soll and Celia, 1988). These models operate on an either/or principle, meaning
each pore is either contains one fluid or another. Two fluids are not permitted to occupy the
same pore simultaneously. In our micromodel experiments however, we have commonly
observed two and three phases simultaneously occupying a singie pore. Because the wetting
and intermediate-wetting phases remain self connected through films, they maintain continuity
to drain or imbibe in a manner that cannot be captured using a traditional network approach.

Implications for phase partitioning

As discussed earlier in the saturated zone chapter, the pore-scale distribution of the organic
phase influences the partitioning of organic liquid components. Because the organic phase is
almost always less wetting than water but more wetting than air, it remains in direct contact with
both the air and water allowing for both dissolution into the water phase and volatilization into the
air phase. And importantly, the formation of thin organic liquid films between the water and air
increases the surface area of the organic phase, enhancing the propensity for inter-phase
partitioning of organic components. Soil venting of organics in the vadose zone has become an
attractive remediation strategy because volatile organics partition easily to the air phase. Figure
91 provides a good example of the large organic/air and organic/water interfaces generated by
the organic phase's tendency to spread.

Non- in rgani

As stated previously, in the vadose zone most organic liquids tend to spread along the
air-water interface. However, not all organic liquids spread. For pure fluids, whether or not a
liquid will spontaneously spread or form a lens can be predicted from the spreading coefficient,
§ . The spreading coefficient is calculated as the air-water interfacial tension, Uaw, minus the sum
of the air-organic interfacial tension, 0, and the organic-water interfacial tension, Gow:
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S = G Ono— O (56)

Spreading will not occur for § < 0, but will occur for § > 0. Of the fluids used in this study, PCE

has a negative spreading coefficient and thus would be expected to behave somewhat differently
than a spreading fluid in a vadose-zone micromodel experiment.

To observe the behavior of a non-spreading organic liquid, a vadose-zone micromodal
experiment was run under identical procedures to that described previously except that PCE was
used as the organic phase (Mason et al., 1989a). Qualitatively, the displacements of this
experiment appeared not to be terribly dissimilar to those of the Soltrol (spreading fluid)

experiment, except that the PCE was far less likely to travel through films ahead of the main front
of advancing organic liquid.

Of greater interest was the final pore-scale distribution of the PCE. A photograph of the
distribution of the three fluid phases within the lower right quadrant of a single pore is shown in
Figure 92. Because addition of dyes to the liquids was found to change the spreading behavior of
the PCE, no dyes were added to the fluids for this experiment. Consequently, all three phases
are colorless making it more difficult to distinguish between the phases. The interfaces between
the fluids are distinguishable however, and that is sufficient to allow us to see what's going on. At
the far right of the photograph, the dark film is the water phase outlining the pore wall. The light
feature against the water film to the left is PCE, the organic phase. Air occupies the interior of the

Figure 91.  Detail a thin organic liquid film located between the gas and water. The photo
represents steady state conditions after the Soltrol has been drained by air
from the vadose zone model.
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Figure 92. The distribution of three fluid phase'sv(air, hoh-spreading PCE, and water)
within a single pore in a micromodel.

pore, inside of the organic phase. The circular shapes seen within the air phase which look like
dimples on a golf ball (or the craters of the moon) are actually lenses of PCE on the pore wall.
Remember that the micromaode! pores are truly three-dimensional. Although it cannot be seen, it
must be presumed that a water film covers the entire pore surface. Between that water film and
the air phase sits lenses of PCE. Because PCE does not spread, lenses of organic liquid —
instead of a thin organic film — are found between the water and air phases. The PCE, because it
is of intermediate wettability, continues to preferentially reside between the water and air
phases, but because it is non-spreading, does not maximize its surface area between water and
air as would a spreading fluid.

There are three important implications to be derived from the observation of non-spreading
organics. First, with less surface area per unit volume, perhaps less interphase transfer will
occur. Under the high air-flow rates associated with soil gas venting, it is possible that the less
volatile constituents of the organic phase may not reach equilibrium with the passing air.
Currently, gas venting models presume local equilibrium is reached between the organic phase
and the soil gas. (e.g. Johnson et al., 1990). Second, since the organic liquid tends to break up
into disconnected lenses instead of maintaining continuity through thin fiims, there is perhaps a
potential for greater organic retention in the vadose zone. And finally, continuum three-phase
flow models routinely invoke the hypothesis of Leverett (1941) in which organic liquid is
presumed to be present between the air and water. The only interfaces which need to be
considered are the water/organic and organic/air interfaces. This assumption is clearly not met
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for non-spreading organics. For non-spreading organics, the complicating effect of a water/air
interface will probably need to be explicitly taken into account.

THREE-PHASE PORE CASTS

As has been seen in the micromodels, the distribution of the trapped fluids in the vadose
zone is markedly different from the distribution found below the water table. The three-phase
distribution of fluids in a soil, as presented in Figure 93, shows similar patterns of fluid
distributions to those seen in the micromodels. This photomicrograph shows a pore cast surface
of a three-phase experiment which was performed using the Sevilleta sand. In the photo, the
fluids occupy a channel between two quartz grains. The wetting phase (light pink) appears in the
narrow portion of the channel. The intermediate-wetting phase epoxy — the colorless crescent
between the pink and blue colored fluids — occurred between the wetting and non-wetting
phases in a fashion similar to that observed in the three-phase micromodel experiments. The
blue epoxy, introduced to fill the pore space occupied by air at the conclusion of the experiment,
appears in the broadest part of the channel.

Unlike the micromodel experiments, the intermediate-wetting phase remained undrained
from a substantial number of pores. The large number of undrained pores were an artifact of the
rapid draining procedure (Peplinski et al., 1989). The relatively high viscosity (50-60 cps) and
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Figure 93. A photomicrograph of three phases in the Sevilleta sand. In the photo, the
wetting phase, (styrene) is pink, the epoxy representing the air phase is blue,
and in between the intermediate-wetting phase (epoxy) is colorless. Shown at
100X magnification.
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rapid setup of the Tra-Bond epoxy required greater flow rates and higher pressures in the
column. Higher pressures caused air to break through the capillary barrier at the bottom of the
column, effectively stopping the epoxy drainage. The filter failed when the intermediate-wetting
epoxy saturation had been reduced to about 35%, still far larger than the residual saturation
expected for this soil under unsaturated conditions. What was actually observed in this
expariment, then, was the distribution of fluids while the intermediate-wetting phase was still in
the process of draining. In an attempt to improve the epoxy drainage of the sand pack another
low viscosity epoxy, Polysciences’ Ultralow® (u = 10 ¢P), was tried but the epoxy proved to be
incompatible with the already hardened styrene. The Ultralow Ileached the
9,10-diphenylanthracene dye out of the styrene and made it impossible to distinguish between
the two phases.

Experimental difficulties — troubles with dyes, surrogate fluids, high viscosities, et cetera —
make polymerization techniques less appealing than micromodels for observing multi-phase
fluid flow. But the fact that, despite problems, these experiments show similar flow behavior (as
observed through fluid distributions) to the that observed in the micromode! experiments again
gives confidence that micromodels can serve as a reasonable representation of the pore
networks found in soils. This result provides confirmation that additional three-phase micromodel
experiments are worth persuing.

CHAPTER SUMMARY

Organic liquid movement and capillary trapping in the vadose zone were investigated
through the use of soil columns, micromodels, and pore casts. The implications from the results
of these experiments were discussed inciuding a comparison with saturated zone resulits.

il lumn

It was hypothesized that residual saturations in the vadose zone wouid be significantly lower
than those measured in the saturated zone because of a substantially different balance of forces
~— namely smaller capillary forces and greater buoyancy forces. The results of the soil column
experiments confirmed that hypothesis. Experiments run using Soltrol as the organic liquid and
Sevilleta sand as the soil yielded residual saturations on the order of 9% in the vadose zone
versus about 27% in the saturated zone.

Micromodels

Most notable from observations of the micromodel experiments was the formation of thin
films of organic liquid between the air and water phases. As suggested by other researchers,
the spreading force which leads to the formation of films may be a significant driving force for
organic liquid movement in the vadose zone.

In confirmation of the soil column results, residual saturations in the three-phase micromodel
experiments were significantly lower than those observed in two-phase (organic/water)
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micromodel displacements. The high degree of continuity maintained within the organic phase
due to the presence of interconnecting films almost certainly plays a part in achieving low
residual saturations in the vadose zone.

Photographs of final fluid distributions showed that organic liquid residual saturations in the
vadose zone were profoundly different from the blobs seen in the saturated zone. In the
saturated zone, surface area of the organic phase is minimized whereas in the vadose zone the
surface area is maximized — at least for spreading organics. This spreading, film-forming
behavior has important implications for maximizing interphase transfer in the vadose zone.

Non-spreading organics showed somewhat different final fluid distributions. PCE used as the
organic phase in a three-phase micromodel experiment showed a tendency to form small lenses
instead of films in between the water and air phases. Through the formation of lenses, less
surface area of the organic phase was created as compared to spreading organics, but certainly
a much greater surface area was created as compared to the rninimized surface areas observed
for blobs in the saturated zone. Implications of non-spreading behavior may include: the
possibility of reduced interphase transfer; higher residual saturations; and for flow modsilers,
the inability to invoke Leverett’s (1941) simplification for three-phase capillary pressure versus
saturation relationships.

Pore Casts

The three-phase pore casts suffered from some experimental difficulties, but still showed
similar three-phase fluid distributions to those seen in the micromodel experiments.

M Validation

Again, as suggested in the previous chapter, these experimental results can be useful as
tools for model validation. They can be useful in two ways: first, they can be used as a check to
assure the assumptions of flow and transport models conform to experimental observations; and
secondly, the results can be used as benchmarks to test the models. The models shouid be abile
to reasonably reproduce the experimental results.
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CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS

The intent of this study has been to better understand the basic physical mechanisms
controlling the movement, and especially the capillary trapping, of organic liquid pollutants
spilied into soils and groundwater. This goal was pursued by observing the flow behavior of
organic liquids in a multi-phase system in laboratory soil columns and through etched glass
micromaodels built to represent various conditions in the subsurface. Fluid movement could be
explained in terms of three basic forces acting on the fluid phases — capillary forces, viscous
forces associated with flow, and the effect of gravity.

The most interesting series of observations in this study has illustrated how the interplay
between capillarity and soil heterogeneities profoundly influence the the migration and trapping
of an organic phase in a multi-phase system. These findings for immiscible displacements
extend the recent work on heterogeneity-induced fingering or ‘macrodisdersion’ for miscible
displacements as well as the work on moisture-dependent anisotropy for water movement in the
vadose zone.

Not unlike many scientific studies, the results of this research seem to have raised as many
questions as they have answered. Recormmendations for future work logically stem from the
conclusions, and therefore many of the recommendations are interspersed amongst the
conclusions.

This chapter is divided into five parts. The first three parts present conclusions and
recommendations corresponding to the three results chapters. It is recommended that the
reader peruse the photographs in Chapters 7, 8, and 9 to fully appreciate many of the
conclusions. The fourth part presents some conclusions and recommendations concerning the
experimental procedures, and in the final part, some additional recommendations for future
research are presented.

SATURATED ZONE CONCLUSIONS — HOMOGENEOUS MEDIA

A series of column studies were performed to measure residual organic liquid saturations in
soils. A general conclusion from that work was:

@ As organic liquid moves through the saturated zone, a significant portion is left behind,
trapped by capillary forces. Residual saturations were measured that ranged from 14% to
30% in unconsolidated sands. If these estimates are at all typical for organic liquids in
sandy soils, then there is a tremendous storage capacity for organic liquid pollutants in the
saturated zone. Even under optimal conditions, hydraulic removal of organic liquids will
leave behind a substantial portion of the total spilled volume. Any unrecovered organics
constitute a continual source of contamination to the aquifer as constituents of the organic
phase slowly dissolve into the water phase.
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Residual saturations were measured in the Sevilleta sand for a suite of organic liquids. The
fluids were selected as examples of (or surrogates for) commonly spilled organics, and to cover
a fairly wide range of fluid properties between them. It was concluded that:

® Residual saturation in a given soil was found to be independent of organic liquid
composition. Residual saturations were measured for a variety of muiti-component and
single component organic liquids: Soltrol-130, gasoline, kerosene, p-xylene, n-decans,
and tetrachloroethylene (PCE). In repeated quantitative short column experiments, no
correlation was found between residual saturation, and viscosity, density, or interfacial
tension for the six organic liquids tested. The residual saturation was virtually identical for
all of the organic liquids.

Recommendation — Since residual saturation has been shown to be independent of fluid
properties, it is probably best to chose an ideal organic liquid when measuring residual
saturations in the lab. Such a surrogate for the organic liquid of interest would have the
following attributes: low solubility in water, low volatility, low toxicity, and (for gravimetric
measurement of residual saturations) a sufficient density difference with water.

@ The interfacial tension must be reduced significantly to allow hydraulic schemes to
mobilize residual saturations. Quantitative analyses of pore-scale trapping mechanisms
showed that trapping could not be averted unless interfacial tensions were dramatically
reduced. Surfactant floods hold promise of perhaps reducing interfacial tensions
sufficiently to allow some mobilization of the residual saturation.

Becommendation — Investigate mobilization via surfactant floods. Surfactant floods can
be used in an attempt to mobilize residual organic liquid saturations by reducing interfacial
tensions and capiliary numbers, or simply by emulsifying the organic liquid. Both of these
mechanisms should be explored in micromode! and column experiments for typical
combinations of organic liquids, surfactants, and soils.

Residual saturations were also measured over several soils. From this suite of experiments it
was concluded that:

® A priori prediction of residual saturations for a given soil is uncertain. A large number of
residual organic liquid saturation measurements were made on the Sevilleta sand, an
unconsolidated, aeolian sand. Its texture is much more like glass beads than sandstone,
both of which had been previously investigated by petroleum engineers. We examined the
hypothesis that, because of its similar texture, the Sevilleta sand should behave more like
the glass beads. Uniform glass beads exhibit a residual saturation of 14-16%. The Sevilleta
mean residual saturation was 27.1%, aimost 10% greater than expected. Singiet biobs are
common in glass beads. Photomicrographs of Sevilleta biob and pore casts revealed a
much larger population of complex, branching blobs. Residual saturations in the Sevilleta
sand did not behave as expected. However, residual saturations measured in two other
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sandy soils, the Llano coarse sand and the Traverse City sand, yielded saturations of
17.2% and 17.6% respectively. These residual saturations were much closer to resuits
reported for glass beads than to the Sevilleta sand resuits.

Residual saturations appear to be very sensitive to soil properties, but any correlation
between residual saturation and soil texture may not be straightforward. Residual
saturations were measured in several sandy soils. Two soils of very similar texture and
grain size (the Sevilleta sand and the Traverse City sand) yielded significantly different
residual saturations (27.1% and 17.6%, respectively). Two soils with somewhat different
textures and grain sizes (the Traverse City sand and the coarser, less uniform Llano sand)
had very similar residual saturations (17.6% and 15.8%, respectively).

Recommendation — Study 2-phase residual saturations for more soils. What had
originally been thought of as a ‘beefhead’ study has suddenly become more interesting in
light of surprising residual saturation results. A combination of quantitative experiments,
pore casts, and blob casts could be employed to develop an explanation for these
inscrutable preliminary results.

Even minor amounts of clay or silt in a soil may play a significant role in the observed
residual saturation. The Sevilleta sand had about 2% clay and siit, by weight. The Traverse
City and Llano sands were essentially clay and silt free. It is hypothesized that the clay and
silt content of the Sevilleta was responsible for the high residual saturation and complex,
branching blobs that were observed. One possible explanation is that the fine material may
have settled into microlayers during the column packing procedure. This type of
heterogeneity could lead to increased water by-passing of the coarser material. If this is
true, then the residual saturations measured for the Sevilleta sand demonstrate that even
minimal soil structure and heterogeneity can have a dramatic influence on the degree of
capillary trapping.

Recommendation — Determine the role of clay and silt on residual organic liquid
saturations. This issue must be resoived. The large and unexplained variation in residual
saturations between soils (17% to 27%) has enormous practical implications. A careful
investigation of the role of the fine fraction with an emphasis on possible packing induced
heterogeneities is recommended.

Fine-grained, water-wet soils (which do not shrink in the presence of organics) can
serve as an effective barrier to organic liquid movement in the subsurface. This
conclusion was indirectly demonstrated by our inability to inject an organic phase into the
Palouse loam.

Two types of flow visualization experiments — micromodels and organic-phase

polymerization — permitted the observation of the pore-scale distribution of organic liquid and
water resuiting from immiscible displacements. The pore-scale distribution of the residual
organic phase may have important implications for dissolution and biodegradation. More
specifically, it was concluded that:
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@ The ‘irreducible’ water saturation is continuous and is composed of an interconnected

network of films, pendular rings, and wedges. Photographs of pore-scale fluid
distributions following organic liquid advance into a previously water-filled micromodel
show the residual wetting-phase saturation located in by-passed pores and pore clusters
and as films, rings, and wedges within individual pores.

The residual organic liquid saturation is trapped as discontinuous ‘blobs’. Photographs
of trapped organic liquid in micromodels, pore casts, and blob casts show that the residual
saturation is trapped as disconnected blobs of varying size and shape — ranging from
spherical shaped singlets occupying one pore to complex, branching, multi-pore blobs.
Although no quantitative analysis was performed on the distribution of blob sizes, direct
observations of the residual organic liquid saturation from both the micromodel and the
blob polymerization experiments corroborate earlier studies which showed that even in
homogeneous media, the majority of the residual saturation is held in large, branched
blobs.

The size and shape distribution of the trapped blobs can influence interphase transfer.
For large, branched blobs, in which perhaps only the ends of the ganglia are exposed to
the bulk flow of water, the dissolution rates may depend as much upon diffusion and
advection of organic constituents through thin water films as upon organic-to-water
partition kinetics, From review of photomicrographs, it has been concluded that:

O Mass transfer may or may not be governed by local equilibrium. When groundwater
velocities are high enough or the dissolution kinetics are slow enough, the local
equilibrium assumption no longer holds. In this sense the rate of mass transfer between
phases strongly depends upon the distribution of the residual saturation. For large,
single-component, branched blobs, mass transfer can be limited by a diffusional
process. Substantial portions of these blobs are only in contact with thin water films
along the walls of pores. Diffusion through the films to the main body of passing
groundwater can be the rate-limiting step in dissolving organic liquid into the water
phase.

© Appropriate mass transfer coefficients have yet to be developed. Mass transfer
coefficients used in the mathematical models of partitioning often employ the analogy
of an equivalent spherical blob (e.g., Pfannkuch, 1984). Certainly singlets fit this
model, but an appropriate definition of equivalent sphere size has yet to be proposed
for the population of branched blobs.

O Dissolution from a multi-component organic phase is more complex. For large
branched blobs or by-passed regions of muiti-component liquids, the mass transfer
rate for a given component can become limited by rate of diffusion of that component
within the organic phase to the organic/water interface. Since the major portion of the
transfer may be occurring at the ends of these tortuous blobs, intra-blob diffusion may
be the rate-limiting step.

Recommendation — Investigate the dissolution of residual saturations. The position of a
capillary trapped blob within the pore space has a strong influence on mass transfer
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between phases. Additional micromodel experiments using a fluorescent dye or
fluorescent microspheres are suggested. The flow of water could then be observed on a
pore scale, especially through the water films and wedges surrounding the blobs.

® The size and shape distribution of the trapped blobs can influence microorganisms.
From the review of photomicrographs, it has been conciuded that:

O Microorganisms that degrade organic contaminants experience an environment that
depends on their location. In the thin water films found between blobs and pore walls,
the organisms have ready access to organic components that partition into the aqueous
phase from the nearby blob surface. However, these organisms may not have a ready
supply of other substrates, which can only diffuse (or flow) slowly through the thin water
film. In the other pores, occupied by flowing water, wall-attached microorganisms are
readily exposed to available dissolved substrates, subject only to upstream substrate
re-supply.

© Migration of microorganisms is probably influenced by the spatial distribution of blobs. It
should be difficult for a seed population to find its way into regions with thin aqueous
films because of their low flow rates and tortuous diffusion paths. In any event, most
organisms would probably not thrive in these stagnant regions because of the substrate
re-supply problem and the possibility of toxicity due to locally high concentrations of
dissolved organics.

© Not only might the pore-scale distribution of organics affect the rate of biodegradation,
but microbial growth may in turn affect how water flows through the blob-filled pore
network.

Becommendation — Employ micromodels to observe bacterial transport and
colonization., Micromodels with fluorescent bacteria could be used to study bacterial
motility and colonization.

Micromodel experiments were used to examine the influence of flow rate on organic/water
displacements. It was concluded that:

® The ‘irreducible’ water saturation is somewhat dependent upon flow ratae. Higher flow
velocities of organic liquid displacing water resulted in a small reduction of the residual
water saturations.

® The residual saturation is relatively insensitive to the maximum organic saturation
attained during organic liquid advance. This result was found for both the homogeneous
soil columns and the homogeneous micromodels.

® The residual organic liquid saturation is independent of flow rate. The results suggest
that for the pumping rates attainable in homogeneous aquifers, a higher pumping rate will
not result in increased recovery of free product, but it may change the pore-scale
distribution of the residual organics.
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® The groundwater velocities and capillary numbers needed for mobilization make
hydraulic remediation of contamination unrealistic in the saturated zone. Several
schemes have been published in the literature and implemented in the field for
hydraulically sweeping organic liquids from polluted aquifers. These schemes are
presumably meant to sweep out the continuous organic liquid, knowingly leaving behind
the residual. Sometimes however, it seems that naivete prevails and designers assume
that as long as ground water is flowing toward a collection system, eventually all of the
organic liquid will make it. No matter how long one waits, unless gradients are increased
above the critical level, none of the residual will be hydraulically removed.

SATURATED ZONE CONCLUSIONS — HETEROGENEQUS MEDIA

Laboratory experiments were conducted to examine two-phase (organic/water)
displacements and capillary trapping in heterogeneous porous media. Three types of
heterogeneities were studied. In the aggregated system, strings of interconnected macropores
separated clumps of micropores. This dual porosity arrangement served as an analog to
fractured media. In the coarse lenses system, coarse lenses were imbedded into a finer matrix.
In the layered system, coarser and finer layers were arranged perpendicular to flow. A general
conclusion from this work was that;

® Porous media heterogeneities dominate displacement and trapping mechanisms. The
interplay between soil heterogeneities and capillarity control the movement and trapping of
fluids. Advancing organic liquid selectively travels through the coarser (and more
permeable) portions of heterogeneous aquifers by-passing finer-grained regions. And
correspondingly for water displacing organic liquid, capillary forces can relegate the flow of
water to finer-grained regions, by-passing the coarser organic-filled regions. The
character of these displacements were compared with homogeneous displacements.

In organic/water displacements conducted in the aggregated micromodel, it was concluded
that:

® Organic liquid selectively travels through interconnected macropores, by-passing
finer-grained regions. As a result of this by-passing, spilled organic liquids can be
expected to move quickly through aquifers which have interconnected coarse layers or
fractures.

® Due to by-passing, the maximum organic liquid saturation attained was much lower than
that attained in the homogeneous micromodel. And as a conseguence, the residual
saturations attained following displacement by water were much lower than that
attained in the homogeneous micromodel. The amount of organic liquid that is ultimately
trapped is strongly dependent on the nature of original emplacement. Aquifers which have
interconnected coarse layers or fractures can be expected to leave behind residual
saturations that are comparatively low, but these residual saturations can be expected to
extend over a much larger portion of aquifer.
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® The rate of initial invasion of a non-wetting organic liquid may influence ‘irreducible’
water saturations and, later, organic residual saturations. Again, the amount of organic
liquid that is ultimately trapped is strongly dependent on the nature of original
emplacement. Higher flow rates during organic liquid advance led to organic liquid
intrusion into some of the microporosity. Correspondingly, higher maximum organic liquid
saturations led to elevated residual saturations.

Of the three types of heterogeneities examined, the ‘coarse lenses’ heterogeneity was the
most extensively studied. A mathematical model that used capillarity and average flux to predict
two-phase flow through two media aligned in parallel was developed. The model was
demonstrated for the case of water displacing organic liquid from coarse lenses. Results from
micromodel and sand column experiments were compared with the model predictions. The
model showed that:

® The force exerted by capillarity was suificient to cause by-passing of organic liquid in
the coarse lenses even though these ienses were more permeable.

® At higher flow rates water can be forced into the coarse lenses, resulting in
displacement of additional organic liquid and improved recovery. The criticai flow rate at
which water enters the coarse lenses is a function of: the permeabilities of each of the
media, the proportion of cross-sectionai area cccupied by the lenses, the length of the
flow domain (for this example, the length of the lenses), and the interfacial tension and the
relative wetting of the fluids.

® The capillarity of the system does not change with flux rate. At still higher flux rates,
capillarity becomes relatively unimportant and the flow regime approximaies a
single-phase system in which water preferentially flows through the higher permeability
regions. At high average flux rates, the flux rates between regions approach the ratio of
the permeabilities — just as would be the case for one-phase flow.

® In the absence of mobility-induced fingering, improved recovery of organic liquid is
attained when the ratio of fluxes through coarse and fine regions becomes greater than
zero, and maximum recovery is attained when the ratio of fluxes approaches unity.
Increasing the average flux rate beyond a critical value resuits in improved recovery.

e Improved recovery can be achieved within the realm of attainable field pumping rates.
A hypothetical example was used to show this principle.

Observations of flow behavior from displacements conducted in micromodels and in sand
cclumns compared favorably with the flow behavior to that predicted by the dual-media model.
These laboratory experiments showed that:

® The residual saturation left behind in a heterogeneous medium containing
disconnected coarse lenses is larger than residual left behind in a homogeneous
medium.
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® At low flux rates the organic liquid in the lenses was completely by-passed. At typical
aquifer flow velocities, capillary forces can relegate the flow of water to finer-grained
regions, by-passing the coarser regions filled with organic liquid.

® At higher rates, some displacement of the organic liquid in the lenses was attained,
resulting in improved recovery and a reduced residual saturation. Increased recovery of
organic liquids from coarse lenses may be attained by increasing the pumping rate.

Recommendation — Continue experiments and theoretical modeling of residual
saturations caused by heterogeneities. The effects of heterogeneities were shown to
have a dramatic impact on water/organic displacements, and consequently, on the
magnitude and distribution of the residual saturation. Further laboratory and theoretical
research is needed on this issue. Additional micromode! experiments are suggested in
which quantitative measurements of the saturations are made (using image analysis) over
a wide variety of heterogeneities. Heterogensities could be explicitly incorporated into
currently available muiti-phase flow models to further examine the interplay between
heterogeneities and capillarity without the restrictions imposed by the simplifying
assumptions of the simple dual-media model used in this study. Finally, field experiments
on organic liquid movement should pay special attention to the complications imposed by
heterogeneities.

The layered media experiments were conducted in micromodels. Observations of water
displacing organic liquid from a micromodel with layering perpendicular to flow showed that:

® By-passing of the organic phase occurred as the water front progressed from a coarse
layer to a fine layer. This particular form of the by-passing mechanism is identical to the
capillary end effect, and can result in significantly higher residuai saturations — especially if
the layers are not thick and the process repeats often. It is hypothesized that this is the
operative mechanism leading to the high residual saturations measured for the Sevilleta
sand,

A micromodel experiment illustrating the movement of a dense organic liquid through a
layered media showed that:

® The presence of layering may be fortuitous in the case of dense organics migrating
downward through the saturated zone. Halogenated solvents may tend to finger beneath
the water table because these organic liquids tend to be more dense, less viscous, and
non-wetting relative to water. In layered media, the tendency for a non-wetting phase to
migrate into coarser layers results in a lateral component to the fiow which slows the
growth of fingers.

Recommendation — Determine the conditions required for the onset of fingering as
dense organics move downward through the saturated zone. Many halogenated solvents
are more dense and less viscous than water — attributes which promote flow instabilities
(gravity fingering) as an organic phase percolates downward through an aquifer. Of
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special interest in this problem are the roles of capillarity and heterogensity. In the case of
a non-wetting phase displacing a wetting phase, capillary forces appear to promote
fingering, while layering in the soil transverse to flow appears to promote stability. Further
micromodel, sandbox, and mathematical models of these issues are needed.

VADOSE ZONE CONCLUSIONS

Organic liquid movement and capillary trapping in the vadose zone wers investigated
through the use of soil columns, micromodels, and pore casts. Results from soil column and
micromodel experiments confirmed the hypothesis that:

® Residual saturations are much lower in the vadose zone than they are in the saturated
zone. In the Sevilleta soil the vadose zone residual saturation was measured to be 9.1%,
compared to 27.1% for saturated zone conditions. The lower residual is explained by:

O continuity of the films during drainage;
o presence of a third, non-wetting gas phase;

© additional buoyancy forces due to the greater density contrast of the organic liquid to
air, than to water; and

O less capillarity due to the lower interfacial tensions between the organic liquid and gas,
than between the organic liquid and water,

Recommendation — Investigate the behavior of organic liquids in the transition zone
between the vadose and saturated zones. Determine the equilibrium saturation.
Particularly for organic liquids lighter than water, the low suction range in and just above
the capillary fringe is where all the action, occurs as light organics reach the water table
and begin to migrate laterally to form a lens. Unfortunately, this is where the balance of
forces governing movement for the three fluid phases becomes much more compiicated
(and perhaps the least understood). Three possible approaches for additional
experiments are suggested: (1) Run pressure controlled (instead of flux controlled)
vadose zone experiments in micromodels; (2) Build a better short column apparatus to
look at equilibrium saturations near the water table; and, (3) Devise a method of
measuring saturations in a 2-D sand box mode! constructed in a fashion that ailows the
lateral redistribution of the organic phasse.

Most notable from observations of the flow visualization experiments was the formation of
thin films of organic liquid between the air and water phases. The spreading force which leads to
the formation of films may be a significant driving force for organic liquid movement in the
vadose zone. From the flow visualization experiments it was concluded that:

® The movement of organic liquid through the vadose zone is more complex than
organic liquid movement in the saturated zone, especially because of the tendency for
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many organics to spread. The organic liquid is commonly of intermediate wettability
between water, the wetting phase, and the non-wetting gas phase. The propensity for a
given organic liquid to spread between water and gas can be predicted from the spreading
coefficient, § =g, - (0. + 0,0). POSitive spreading coefficients lead to the formation of
organic liquid films along the water/gas interface.

® Films appear to be an important mechanism of organic liquid invasion into the vadose
zone. The organic liquid usually advances by displacing gas, and sometimes water, from
pore throats and bodies. But it also advances through film flow, most easily seen in
micromodel experiments when pockets of organic liquid began to accumulate deeper in
the model, with no obvious connection to sources of organic liquid above.

® Films of a spreading organic liquid maintain continuity of the organic phase. These
films are the thread of continuity that keep all the little pockets of residual organic liquid in
hydraulic communication.

® Residual saturations in the vadose zone are profoundly different from the blobs seen in
the saturated zone. In the saturated zone, surface area of the organic phase is minimized
whereas in the vadose zone the surface area is maximized — at least for spreading
organics. This spreading, film-forming behavior has important implications for maximizing
interphase transfer in the vadose zone.

@ The films expose a large organic liquid surface area to the gas phase, making soil
venting of organics in the vadose zone an attractive remediation strategy.

® The formation of films also exposes a large organic liquid surface area to the water
phase, increasing the rate of dissolution. The effectiveness of this mass transfer
mechanism can be severely limited by the water flow rate.

Non-spreading organics showed somewhat different flow behavior. From a three-phase
micromode! experiment using PCE, a non-spreading organic liquid, it was concluded that:

® Non-spreading organic liquids do not form films, but rather coalesce into small lenses
that float at the water/gas interface. There is no interconnecting film between all the little
pockets of residual organic liquid.

® Because of the tendency of a non-spreading organic liquid break into small lenses instead
of maintaining films in between the water and air phases, less surface area of the residual
organic phase was created as compared to spreading organics. Certainly however, a
much greater surface area was created as compared to the minimized surface areas
observed for blobs in the saturated zone. Implications of non-spreading behavior may
include (1) the possibility of reduced interphase transfer, (2) higher residual saturations,
and (3) for flow modellers, the inability to invoke Leverett's (1941) simplification for
three-phase capillary pressure versus saturation relationships.

Recommendation — Study the movement and ultimate distribution of non-spreading
organic liquids; compare to spreading organic liquids. In three-phase
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(air/organic/water) systems in which the organic liquid is of intermediate wettability, some
organics spread between the water and air phases while others, such as some
halogenated solvents, do not. Preliminary micromodel experiments indicate that the
spreading coefficient can have a profound influence on how the organic phase moves and
where (especially on a pore scale) it ends up. This can be particularly important to
remediation via soil venting. Additional quantitative and visualization experiments are
suggested.

CONCLUSIONS ABOUT THE EXPERIMENTAL APPROACH

The experimental apparatus and procedures used to measure residual saturations in
laboratory soil columns offered several advantages:

® The short column method used relatively simple experimental procedures to provide
fairly precise measurements of two- and three-phase fluid saturations in soils.
Gravimetric measurements (which exploit the density difference between the fluids to
measure saturations) gave precise measurements of residual organic liquid saturations. In
the saturated zone, residual saturation measurements for most of the fiuids were precise
to within + 2%, Measurements of residual saturation for Soltroi in the vadose zone were
also precise to about + 2%,

® A short column with a semi-permeable membrane vyielded relatively constant
saturations over the length of the column with no capillary end effect. These features
are especially important for the vadose zone measurements, because measurements of
organic liquid saturation in the vadose zone can be strongly biased by failure to account for
capillary end effects.

In addition it was observed that:
® Temperature control was important for obtaining consistent resuits.

® The residual saturations were independent of the variability in packing from one
experimental trial to the next.

® The residual saturations were relatively insensitive to the maximum organic liquid
saturation attained.

Two recommendations for improving the soil column apparatus are made:

® Redesign the apparatus to handle low permeability soils. It was not possible to measure
residual saturations in fine-grained soils because it was difficult to supply sufficient
pressure to force organic liquid into the soil. This problem can be circumvented with a
high-pressure system, including a high-pressure fluid delivery pump, a column built to
withstand high pressures, and a bottom membrane with a very high non-wetting phase
entry pressure.

® Redesign the apparatus and procedure to permit observation of conditions in the
transition zone between the vadose and saturated zones. Resuits from the transition
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zone experiments gave what are believed to be unreasonably high equilibrium organic
liquid saturations. During organic liquid drainage, water was unable to re-imbibe into the
soil. Under low applied suctions representing the capillary fringe and just above,
re-imbibing water would have displaced organic liquid resulting in lower equilibrium organic
saturations than the values that were measured. The largest change in forces acting on the
organic liquid occurs in the capillary fringe and just above, where the transition from
vadose zone to saturated zone conditions is most pronounced.

Blob polymerization techniques make it possible to observe the distribution of the different
fluid phases within the pore space. Like with the micromodeis, the fluid distributions may be
observed in both a bulk sense and within individual pores. Because the fluids eventually become
solidified, one can only see a ‘snapshot’ of the flow behavior using polymerization technigues.
However, the advantage over micromodels is that the fluid distributions can be observed in a real
soil. Such a soil has three-dimensional pore interconnections, irregularly shaped pores, and
rough surfaces which are not found in micromodels.

Difficulties in attaining complete drainage of the organic liquid surrogate in the three-phase
experiment presented a problem. Also there is some question as to whether solidifying the
wetting phase prior to introduction of the intermediate-wetting phase gives realistic fluid
distributions,

Still, the pore and blob casts give important information about the distribution of residual
organic liquids within the pore space. The distribution of fluids within the pore space has
implications to dissolution, volatilization, and biodegradation of residual organic liquid
contaminants.

Based on the experience gained from using blob polymerization, it is recommended that the
usefulness of the technique be extended by;

® Observing fluid distributions for other saturations. The /n situ visualization work with pore
and blob casts focused on residual non-wetting phase saturations. These techniques
should be applied to the visualization of fluid distributions at other saturations.

® Improving thin sectioning of pore casts. It was difficult to make thin sections of the pore
casts because the combination of an unconsolidated soil and an infill of various plastics
made it difficult to cut and polish the sections without plucking or cracking the mineral
grains. Improvements in this technoiogy would certainly aid in the production of better
photomicrographs.

® Investigating other monomers, initiators, epoxies, and techniques for for making pore
and blob casts. Several problems with fluids used in these experiments were experienced,
principally relating to the changing viscosities of the fluids and the miscibility of one epoxy
with another. This was especially a problem with the epoxy representing the intermediate
wetting phase in the vadose zone experiment. These problems affected fluid distributions
and interfaces in the pore casts. Additional efforts could be directed toward finding a
better combination of porous media, fiuids, and dyes to minimize these problems.
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® Reducing blob cast breakage. Size and shape analysis on the produced blob casts were
not performed, partly because of breakage. New materials and handling procedures that
will reduce the incidence of breakage need to be investigated.

® Quantifying the blob polymerization saturations using image processing techniques.
Without access to image analysis equipment, the blob polymerization techniques were not
quantitative. Quantification would take much of the conjecture out of the interpretation of
results,

The attractiveness of performing multi-phase flow experiments in glass micromodels is that
we can actually see the fluids displace one another. Micromodels provide an excellent method
with which to study multi-phase flow behavior because the structure of the pore network and the
wettability of the system can be closely controlled.

As with the blob polymerization technique, the biggest limitation of using micromodels is the
lack of quantitativeness. Micromodels can be made more quantitative in three ways:

® Use image processing techniques to measure fluid saturations. Saturations can be
measured using a high resolution video camera, a frame grabber and image processing
software. These quantitative measurements could be combined with mathematical
models at the pore and network level (e.g., Soll and Celia, 1988) to help explain
observations and validate the models.

® Improve the micromodel end reservoirs. Incorporate oil- or water-wet etched channel
porous membranes (as shown in Figure 41) to provide a mechanism for controlling
capillary end effects. Pressures could be controlled and measured through these
reservoirs.

® Improve the micromodel construction techniques to allow greater control of the pore
size distribution. Presently, it is difficult to measure media properties such as hydraulic
conductivities, characteristic curves, or on a smaller scale, the dimensions of individual
pores. And of course, the pores are too big. Improved construction techniques (perhaps
drawing on the methods developed to etch integrated circuits into silicon wafers) would
provide much greater control for micromodel properties and much greater control
between one micromodel and the next.

ADDITIONAL RECOMMENDATIONS

Some additional recommendations for future research include:

® Exploring the effect of heterogeneities on behavior in the vadose zone. Three-phase
flow through heterogeneous media is a logical extension of this study, which has examined
two-phase flow through heterogeneous media and three-phase flow through
homogeneous media.
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® Using the laboratory experiments of this study to validate muilti-phase flow models. in
addition to whatever these experiments have illustrated about the nature of immiscible flow
of organic liquid, they also make excellent tests against which to attempt to validate flow
models. They can be useful in two ways: first, they can be used as a check to assure the
assumptions of flow and transport modeis conform to experimantal observations; and
secondly, the experimental results can be used as benchmarks to test the models.

® Comparing 2- and 3-phase flow in micromodels to results from cellular automata (CA).
Cellular automata has recently been used to mathematically model muitiphase fluid flow on
a pore scale. This molecular-scale modelling technique uses rules that satisfy the
conservation laws of mass and momentum along with other rules describing the relative
affinity of one particle for another. Together these rules control the manner in which
particles interact, allowing CA models to simulate interfacial tensions. With this technique,
multi-phase flow can be simulated on a pore scale. Well-controlled micromodal
experiments would be ideal for validating CA models. It is believed that CA can be
extended to three fluid phases. By changing the interfacial tension rules it may be possible
to accurately describe the movement of a spreading or non-spreading intermediate
wetting phase (organic liquid) on a pore scale in the vadose zone. Again, modslling resuits
could be compared to three-phase flow experiments conducted in micromodels.

® Investigating wetting phase relative permeability as a function of reduced residual
saturation. Compositional models are numerical codes which simulate multi-phase flows
with interphase transfers such as dissolution. ‘Black oil’ models focus on more
sophisticated representation of the multi-phase flow, but at the expense of neglecting
compositional behavior. The two approaches are being integrated by various researchers,
allowing better predictions of the migration of organic pollutants. These models need
estimates of relative permeabilities to each of the fluids. In particular they need the wetting
phase relative permeability at residual saturation. When residual non-wetting phase
saturations are reduced by mobilization, volatilization, or dissolution, the wetting phase
relative permeability increases. increases in permeability result in either increased water
flow under constant head boundary conditions, or increased residence time under
constant flux conditions. In either case an accelerated rate of dissolution is the ultimate
result. It is expected that the distribution of organic liquid, after having undergone
significant dissolution, will be much different than the distribution of an organic phase
subjected only to hydraulic forces. Hence, it is hypothesized that two systems, each
having the same fluid saturations, will not have the same fluid permeabilities due to
different distributions of the fluids — because in each case the saturations are achieved by
a different process. Accurate measures of relative permeabilities at reduced residual
saturations may be as important as good estimates of mass transfer coefficients for
predicting pollutant migration.

® Investigating the conditions under which surface wetting properties can be altered,
Surface wetting on can have a profound influence on multi-phase flow behavior and the
movement and capillary trapping of organic liquids. Typically, it is assumed that soils are
water wet, but this assumption has not been tested. It is possible that some of the
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compounds present in organic waste solutions, or even in gasoline, can alter wettability, it
is also possible that wettability could be altered through microbial activity.

Determining the conditions required for the onset of gravity fingering as liquid organics
move downward through the vadose zone. All liquid organics are more dense and
viscous than the gas phase in the vadose zone. The greater density promotes flow
instabilities (gravity fingering) as an organic phase percolates downward toward the water
table. Capillarity and heterogeneity play a significant role in this process. There is
significant literature on the two phase flow instability issue. There is little on three-phase
flow instability.

Conducting field experiments to confirm laboratory observations. Well-controlled field
experiments should be conducted to ‘up-scale’ many of the conclusions reached in this
laboratory study.
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APPENDIX A:
SATURATION CURVES AND PROCESSED DATA FOR THE
SHORT COLUMN SEVILLETA SAND EXPERIMENTS

The following pages contain capillary pressure-saturation curves for the two-phase fluid pair
combinations tested with the Sevilleta soil. These include air-water, air-organic, and
organic-water curves. Soltrol-130 was used as the organic liquid phase in all trials. Following the
curves, Table A-1 tabulates the numerical values of saturation and capillary pressure for each
curve, and the temperature of the experiment at the time of the measurement. Results from 12
experimental trials are presented.

rol-Water (SW il r rv Figures A-1 t A-

Two of these curves have drainage, imbibition, and secondary drainage cycies, three curves
have drainage and imbibition cycles, and two curves have the main drainage branch only. Figure
A-8 plots all but one of the primary drainage curves together, illustrating the repeatability of the
experiments. Trial 8 (Figure A-2) shows a similar behavior, but is not as consistent as the other
curves. The SW trial numbers corresponds to the numbers in Table §-2.

Two Soltrol-Air_(SA)Capillary Pressure Curves, Figures A-9 through A-11

The first curve has the main drainage branch only, while the second curve has drainage,
imbibition, and secondary drainage cycles. The primary drainage curves are compared in Figure
A-11,

T ir-water ill Pr rv Figures A-12 thr h A-1

Two curves have the main drainage and imbibition cycles, while the third curve has the main
drainage branch only. The primary drainage curves are compared in Figure A-15.
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Solitrol-Water Saturation Curve (Drainage-Imbibition)
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Figure A-1. Soltrol-water saturation curve for SW trial 7.
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Soltroi-Water Saturation Curve (Drainage-imbibition-Drainage)
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Figure A-2. Soltrol-water saturation curve for SW trial 8.
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Soltrol-Water Saturation Curve (Drainage-imbibition-Drainage)

100

80—

60—

Suction
(ecm of H,0)

20~

8SW Trial 9

L‘latBl dat

B e R Iy
o 10 20 3@ 40 50 60 70 80

Water Saturation (%)

Figure A-3. Soltrol-water saturation curve for SW trial 9.
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Soltrol-Water Saturation Curve (Drainage-imbibition)
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Figure A-4,
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Soltrol-water saturation curve for SW trial 10.
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Soltrol-Water Saturation Curve (Drainage-imbibition)
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Soltrol-water saturation curve for SW trial 11.
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100

Soltrol-Water Saturation Curve (Drainage of Water)
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Soltrol-water saturation curve for SW trial 12.
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Soltrol-Water Saturation Curve (Drainage of Water)
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Figure A-7. Soltrol-water saturation curve for SW trial 13,
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Solirol-Water Saturation Curves (Drainage only)
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Soltrol-Air Saturation Curve (Drainage)
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Figure A-9. Soltrol-air saturation curve for SA trial 1.
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100

Soltrol-Air Saturation Curve (Drainage-imbibition-Drainage)
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Figure A-10. Soltrol-air saturation curve for SA trial 2.
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Soltrol-Air Saturation Data (Drainage)
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Figure A-11. Comparison of Soltrol-air primary drainage curves for SA trials 1 & 2.
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Air-Water Saturation Curve (Drainage-Imbibition)
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Figure A-12. Air-water saturation curve for AW trial 1.
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Figure A-13. Air-water saturation curve for AW trial 2.
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Air-Water Saturation Curve (Drainage)
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Figure A-14. Air-water saturation curve for AW trial 3.
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Air-Water Saturation Data (Drainage)
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Figure A-15. Comparison of air-water primary drainage curves for SA trials 1 through 3.
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Table A-1. Numerical values of measured saturations, pressures, and temperatures.
(continued on next four pages)

SW Trial 7 SW Trial 8
_sat, Pe temp. sat, P. temp.
— Primary Drainage — — Primary Drainage —
100 0o 26.5 100 0 22
97.6 10.5 26 97.6 35.1 24
95.7 15.7 25 26.5 49.6 24.5
88 21.5 24 22 60.9 24
77.5 22.3 23 — Primary Imbibition —
65 24.8 24 26.7 28.6 24.5
57 26 24.5 49.9 19.8 23
42.3 27.6 25 66.6 14 27
35.6 32.5 27 68 1.9 28
28 42.5 28.5 69.3 -10.6 26
23 62.1 31 ~= Secondary Drainage —
— Primary Imbibition — 68.3 4.3 21.5
23.1 30 31 68.1 21.8 20.5
45.6 15.7 31 63.9 33.3 20
56.4 12.7 28.5 43.5 35.8 20
68.9 7.2 18.5 28.7 39.1 18.3
71.6 -0.4 19 26.3 28.8 20
73.2 -5.7 20 23 60.4 23
22 67.4 21.5

Note: the saturations are given in percent, capillary presures are given in
equivalent cm of water (at 20°C), and the temperature is the
room/cabinet temperature in °C, measured at the same time.

Note: The S designates Soltrol, W is water and A is air. Therefore SA is a
Soltroi-air experiment,

~ 208 -



Table A-1.

(continued)

Numerical values of measured saturations, pressures, and temperatures.

SW Trial 9 SW Trial 10
sat. P. temp. sat, Pe temp.
— Primary Drainage — = Primary Drainage —
100 0 24 100 0 23
80.8 30 24.5 87.2 22.2 23.2
58.8 31.1 25.5 81 24.8 20.5
41.9 34.1 24 43.9 30.8 21.5
26.2 41.1 24.5 25.9 38 20.5
23.3 46.3 20 19 49.1 21.8
18 62.5 24 16.2 56.1 21.3
16 69.5 24.5 12.3 63.4 21.8
— Primary imbibition — — Primary Imbibition —
16.6 40.8 25.5 16.8 41.3 21.8
17.6 27.3 23 17.6 34.1 20.8
41.9 20.5 27 25.2 26.4 23
59.8 15.86 28 39.7 13.9 20
68.7 8 22 68.8 12.4 22
68.7 -2 22.5 69.5 -2.4 22.5
70.6 -8.6 21.5 71.8 -9.3 16.5
— Secondary Drainage —

70 24 20.5

41.2 31.4 20

31.7 35.6 20

21.4 49.8 18

19.5 56.4 20

15.7 66.5 20.5
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Table A-1. Numerical values of measured saturations, pressures, and temperatures.

(continued)
SW Trial 11 SW Trial 12
_sat. Peo temp. _sat, Pe temp.
— Primary Drainage — — Primary Drainage —
100 0 23.2 100 0 24.5
99.3 24.3 21.6 86.7 23 24.5
61.2 25 20.5 69.6 26.3 26.8
38 29.5 21.5 45.8 30.9 25.8
24.4 36.1 20.5 31.6 36.5 26.4
18.9 48.8 21.8 24 48.4 24.8
15.8 54.5 21.3 18.2 57.3 27.6
14,7 61.6 21.7 17.3 64.3 25.6
— Primary Imbibition —
15.4 38.9 21.8
17.7 24.9 20.8
33.6 19.6 23
50.8 15.6 20
73.5 7 22
74.2 -2.1 22.5
SW Trial 13 SA Triai 1
sat, P, temp. _sat, P. temp.
— Primary Drainage — — Primary Drainage —
100 0 24.5 100 0 23
63.3 23.4 26.8 99.7 15 21.5
39.1 27.2 25.8 59 26.8 22.4
24.5 32 26.4 19 28.5 22.8
20.7 40 24.8 17.96 39.8 22
18.4 48.5 27.6 12.2 46 22
17.3 59.3 25.6 8.1 52.5 22.6
16.4 64.1 28.2 7.8 58 22
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Table A-1. Numerical values of measured saturations, pressures, and temperatures.
(continued)

SA Trial 2 AW Trial 1
sat. P temp. sat, Pe temp.
— Primary Drainage — — Primary Drainage —
100 0 21.3 100 0 26.9
100 9 21.8 99.3 9.7 23.3
76.1 14.5 21.2 92.2 32.5 25
44.9 17 22 53.9 43,1 25
20.7 21.5 22.2 22 58.2 24
16.1 25 22.2 16.4 83.1 18.4
8.4 32 22 14.9 99 16.8
8.4 41 22 — Primary Imbibition —
— Primary Imbibition — 15 84 15.86
8.4 31.5 22 15.9 67.86 18.8
10 19 22 18.2 52.5 24.2
17.9 15.7 22 26.9 39.7 24.6
60.7 6.7 22 42 .7 30.2 26.2
80.1 3.4 22 62.6 23.2 26.8
82.3 -1.5 22.6 5.7 14.9 22.2
82.8 -9.1 22 80 7.7 21
83.4 -15.5 22.5
— Secondary Drainage —
83.4 -5.5 22.8
81.4 -0.6 22.9
79.4 9 22.7
75.4 11 23
47.9 15.2 23
19.1 20.8 23.5
7.8 30 22.5
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Table A-1. Numerical values of measured saturations, pressures, and temperatures.
(continued)

AW Trial 2 AW Trial 3
_sat, P. temp. __sat, P. temp.
— Primary Drainage — — Primary Drainage —
100 0 27 100 0 24.9
99.4 10.2 23.3 100 4.5 24.3
98.9 21.5 24 97.4 14.7 24
87.8 31.9 25 92.6 22.9 25.1
65.9 47.3 25 89.4 27.7 24.6
32.7 62.7 18.4 84.3 32.6 24
25 80 16.8 79.1 36.5 27
22.6 04 .4 15.6 62 41 24.6
— Primary Imbibition — 32.8 50.8 24 .4
23.86 78.1 18.6 25.1 55.5 24 .4
26 60.1 24.2 19.1 62.8 26.1
32.8 44.8 24.6 16.6 69.5 26
42 .4 35.1 26.2 13.4 75 22.9
51.7 27.5 26.8
65.8 20.4 22.2
76.1 11.9 21
80.1 5 20
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APPENDIX B:
QUANTITATIVE TWO-PHASE RESIDUAL
SATURATION RESULTS, WITH STYRENE AS THE
ORGANIC PHASE

The pore and blob cast experiments described in Chapter 5 produced quantitative results, as
well as results pertaining to flow visualization. Unfortunately, the experimental methods made
these quantitative results too inaccurate to be included with the main body of two-phase residual
saturation data presented in Chapter 7. There were several reasons for the inaccuracies, as
reviewed in Chapter 5,

Perhaps the largest source of error in the styrene experiments was the mass of the TFE
column itself. Another factor contributing to the lower accuracy in the results was the density of
the styrene. In comparison to Soltrol-130, styrene is the denser — 0.90 versus 0.75 g/cm?. The
column was weighed, during the gravimetric determinations of saturation, on the high capacity
Mettier PM 11 balance, which has an accuracy of only 0.1 grams. As a result of these problems
the styrene experiments had saturation errors of +6-8%, while the short-column experiments
had errors of only £2-3%. When we considered that 6-8% was sometimes up to 50% of the
residual saturation measurement, it seemed prudent to consider these less accurate results
separately.

Another reason for excluding the styrene data from the other quantitative data was that the
residual saturations obtained were consistently lower than those obtained with the
short-columns. In Chapter 5, we hypothesize that time constraints put on the experiment by
styrene’s ever increasing viscosity, did not allow enough time for the column to come to
equilibrium. The wettability of the column walls was also found to affect the amount of time
required to reach an equilibrium during the organic liquid flood, and may have influenced the
residual styrene saturations.

EXPERIMENTAL RESULTS

The first column in the Table B-1 describes the experimental column, and the experimentai
run performed in it. There were three TFE columns constructed, two of which are represented
here. For example, experiment 0-6 was the sixth experiment performed in TFE column 0, and
experiment 2-1 was the first experiment performed in column 2. Column 1 was used exclusively
for three-phase experiments, which were non-quantitative, so it is not represented in this table.
Porosity values in column 2, maximum organic liquid saturations, S, , in column 3, and residual
organic saturations, S, , in column 4, were calculated as described in Chapter 5.

Experiments 0-1 through 0-4 and 2-1 were homogeneous two-phase runs using the Sevilleta
soil and styrene. The S, data set has an average value of 0.16 and a standard deviation of 0.04.
In comparison to the glass short column results (see Chapter 7), they are uniformly lower.
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Column Porosity (%) S, S,
0-1 homogeneous 32.3 0.710+ .091 | 0.170 + .065
0-2 homogeneous 33.5 0.667 +.087 | 0.108 + .059
0-3 homogeneous 33.5 0.713+.094 | 0.192 *+ .065
0-4 homogeneous 31.7 0.722 £ 101 0.157 + .071
2-1 homogeneous 34.6 0.700 £ .086 0.200 % 060
0-5 soltrol-130 33.4 0.764 £.039 | 0.265 * .027
0-6 soltrol-130 34.1 0.745 + .038 0.186 + .025
2-2 crushed tuff 38.7 0.918%.116 | 0.295 +.082
0-8 heterogeneous 34.5 0.936+.107 0.263 + .072
2-3 heterogeneous 37.1 0.896 + .133 0.407 + .105

Table B-1. Two-phase TFE column residual saturation results; styrene was used unless
otherwise noted.

Iin experiment 0-6, Soltrol-130 was flooded into, and drained out of, a TFE column following
procedures dictated by the viscosity related time constraints of the styrene procedure. The
residual saturation obtained matched those commonly found when performing experiments with
styrene in the TFE column (19%). In experiment 0-5 Soltrol was again flooded into the TFE
column but without time constraints, following the glass short column procedures of Chapter 4.
Since sufficient time was allowed for the system to come to equilibrium, a value of residual
saturation was obtained (27%) which closely matched those found when using Soltrol-130 in a
glass column. These results suggest that the differences in residual saturation values were
related not to differences in fluid characteristics, but to the amount of time the liquid/soil system
had in which to equilibrate.

Experiment 2-2 was a homogeneous two-phase run done with a crushed and sieved tuff. This
was an attempt to obtain blob casts that would photograph well on black and white film. The black
tuft would stand out from the hardened fluid phases. Other methods of creating black and white
photographs were successful so these casts were never used.

Experiments 0-8 and 2-3 were heterogeneous two-phase runs using Sevilleta soil split into
two fractions, as described in Chapter 5. High organic saturations, as seen in these
experiments, indicated that the organic liquid displaced the agueous phase from the larger
pores found in the stringers. This was expected, as a non-wetting fluid will move preferentially to
larger pores in order to decrease its surface to volume ratio, and therefore decrease the surface
energy of the syétem. So with the larger pores available, more non-wetting liquid can enter the
system for a given energy level, or head. The fact that the columns were packed dry may have
also contributed to the higher S, values. The dry soil may have settled and compacted during the
water saturation process, creating a large pore at one end of the column. This one ‘macro’ pore
could have filled with styrene and contributed to a high organic saturation.
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The So- values presented represent ‘bulk’ residual saturations in that they are averaged
over the whole heterogeneous column. Observations of the core, after it had been cut on a rock
saw indicate however, that most of the residual styrene was trapped in the coarse stringers. A
lesser amount, approximately the same as that observed in the earlier homogeneous
experiments (16%), was trapped in the finer matrix. The measured ‘bulk’ residual saturation can
be compared with a theoretical value (see Chapter 8):

Estimated bulk residual styrene saturation =

(normalized lens volume) X S, + (normalized mairix volume) x S,,
(0.40 x 0.90) + (0.60 x 0.16) = (0.36 + 0.09) = 0.45 = 45%

Column 2-3's value of residual saturation, 41%, comes close to the theoretical vaiue, while
column 0-8 is nowhere near the predicted value. This suggests that by-pass trapping may not
totally exclude water from the coarse stringers (refer to Chapter 8).

The differing S, values of experiments 0-8 and 2-3 are explained by the flow rate of the
water flood. Experiment 0-8 was fiooded with water as described in Chapter 4. That is to say, it
was flooded exactly as if it were a homogeneous two-phase experiment. The residual saturation
value, 26%, reflects the relatively larger volume of styrene trapped in the coarser sand stringers.
Column experiment 2-3, in contrast, was water-flooded at a much lower rate, approximately 1
ml/minute. This flow rate was controlled by pushing water through the column with a syringe
pump. The low fiow rate led to a situation where almost 45% of the styrene in the column was
bypassed and trapped. In this case, the combination of viscous and buoyancy forces were not
strong enough to overcome the capillary forces holding the styrene in place. Although some
CaCl, did flow through the stringers, the majority of the stringer’s pore space remained filled with
styrene. For photographs of the styrene filled stringers, see Chapter 8.
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