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ABSTRACT

Chlorinated volatile organic compounds (CVOCs) in fractured, low permeability
material can be a long-term source of groundwater contaminants and they are among the
most difficult remediation challenges.

Thermal methods are a possible remediation

option, where heat is used to boil water and the volatile compounds are stripped out by
partitioning into the resulting water vapor. Theoretical analysis indicates that only a
small fraction of pore water removal may lead to a significant geometric reduction in the
dissolved concentration [Udell, 1998]. Previous modeling studies [Falta and Murdoch,
2011; Pruess, 1983] suggest that a lower permeability limit exists for effective mass
transfer during boiling. The simulations [Pruess, 1983] predict that in low permeability
materials (k < 10-17 m2) boiling is restricted to the fractures, which would not contribute
to contaminant removal from the matrix. However, limited experimental studies are
available describing mass transfer under boiling conditions, so the theoretical results have
not been validated with data. This is important because mass transfer under boiling
conditions involves several strongly coupled processes, which may be incompletely
represented in the theoretical analyses.
A recent experiment heated a contaminated core of Berea sandstone with
permeability of 10-14 m2 to boiling temperature and then depressurized the top end of the
core and collected the condensate [Chen et al., 2010]. The CVOC contaminant was
completely recovered after ~35% of the pore water was removed.

These results

demonstrate the potential for thermal methods to remediate materials of moderate
permeability, but they were limited to sandstone with of k of~10-14 m2.
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The objective of this research is to characterize contaminant mass transfer in low
permeability clays at boiling temperatures. The research is motivated by the need to
advance understanding of the thermal remediation of tight sediments containing CVOCs.
The approach is to extend the experimental technique developed for sandstone
cores in Chen et al. (2010) so it can be used with remolded clay. Preliminary tests
indicated that excessively long times would be required to contaminate cores of low
permeability rock (mudstone), so tight rock was abandoned as impractical. Clay was
adopted because it could be hydrated with contaminated water and packed in a mold,
thereby creating a contaminated, low permeability material in a cylindrical form.
The experimental design considers a cylinder normal to the plane of a fracture.
The upper end of the cylinder represents the wall of the fracture, so transport along the
axis of the clay cylinder is used to characterize transport from the matrix to a fracture—
the process assumed to limit the rate of remediation [Chen et al., 2010].

1,2-

dichloroethane (DCA) was used as the CVOC because it is a common and persistent
groundwater contaminant [Henderson, 2008]. It has a relatively large value of water
solubility and a small Henry’s constant, so it is a conservative choice for stripping into
water vapor—other common contaminants, such as trichloroethene (TCE), will be more
readily stripped than DCA. DCA was dissolved in degassed water containing bromide
and this solution was mixed with dry kaolin powder to create the clay used in the tests.
A series of tests were conducted where different amounts of pore water removed
from clay samples in a rigid-wall cell. Clay was heated to the boiling temperature and a
valve at the upper end cap was opened, dropping the pressure and allowing fluid to flow
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to the condenser. During tests where the temperature was ~130 °C when the valve was
opened, the flow rate from the condenser increased rapidly to 200-300 ml/h for several
tens of minutes, and then it decreased to ~20 ml/h for the next 6 to 10 h.

DCA

concentrations were 4 to 12 times greater in the condensate than in the pore water
concentration during the high rate of outflow and bromide concentrations were nearly
zero. Essentially all of the DCA, but less than 5% of the non-volatile bromide was
removed in the first 30% of the recovered pore water. Removal of DCA and water
occurred uniformly along the clay length.
A suite of tests were terminated after different fractions of pore fluid were
recovered from the flexible-wall cells heated with a low power density and a maximum
temperature of 110 °C. Profiles of water content and DCA concentration show a fairly
uniform, gradual decrease along the length of clay specimens, even after a relatively
small amount of water was recovered. There was a gradient in water content and DCA
concentration, with decreasing water content in the direction of flow, but the slopes are
gentle (roughly 0.01/cm of water content and one order of magnitude of DCA
concentration over 25 cm) and fairly uniform over the length of the core for tests where
the fraction of water removed was less than 40%. A larger DCA concentration gradient
was observed in tests where the bottom end had temperature less than 100 °C. More than
two orders of magnitudes reduction of DCA in clay was observed uniformly along the
clay length when more than 50% of the pore water was removed. A zone of larger
reduction in water content developed at the outflow end, but only in tests where more
than 40% of the pore water was removed. This result was surprising because it was
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expected that both water and DCA would be removed as a front that progressed with time
away from the outflow, but instead the removal occurred over the length of the cylinder.
Theoretical analyses using a multiphase flow and transport code indicate that
recovery should be controlled by boiling that first occurs at the outflow end of the core.
Boiling and DCA removal should progress as a front that moves into the core, away from
the outflow end. The analyses also predict large pressures in clay, which suppresses
boiling and substantial recovery of DCA. These predictions contradict observations
during the experiments. To address these contradictions, I propose a conceptual model
that involves the growth of fractures during heating, which increase the rate at which
fluids are recovered. A water P-T diagram is used to show how the conceptual model can
explain the heating path in different experimental conditions. This explains different
behaviors of low k clay in the rigid-wall and flexible-wall cells and how the fracturing
happens in the P-T space, as well as the non-fracturing behavior in moderate k sandstone
material under the same testing conditions.
The major findings from this dissertation are:
(i)

DCA is nearly completely removed (more than 2 orders of magnitude
reduction in concentration) from clay after approximately 30% to 50% of the
pore water is recovered during boiling.

(ii)

Increasing temperature before depressurization can speed up the removal rate
of DCA.

(iii)

An outflow rich in DCA (up to 12 times that of the pore concentration) and
low in bromide indicates boiling in the matrix dominates the mass removal.
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Measured pressure and temperatures in the clay matrix are consistent with
boiling conditions.
(iv)

Water and DCA were removed over the entire length of the sample instead of
concentrated as a front as indicated by the theoretical analyses. A drying front
does appear after approximately 40% of the water has been removed.

(v)

The observations indicate that the permeability of the clay significantly
increased early in the heating process. This appears to be a result of fracture
growth that occurs during heating and depressurization.

(vi)

A fracturing mechanism can explain the observations that appear to be
anomalous in light of the conventional processes of flow and transport through
non-deforming porous media. An analysis is outlined that explains pressures
and temperatures associated with different experimental conditions. It can also
explain why sandstone has no fracturing upon heating to the boiling
temperature.

(vii)

This research confirms the ability of thermal remediation to remove volatile
contaminants from the matrix in fractured clays. The recognition of a new
mechanism for recovery by vapor-driven fractures suggests that remediation of
low permeability may be more feasible than previously recognized.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND
Volatile organic compounds (VOCs), particularly chlorinated VOCs (CVOCs) are
environmental concerns because they occur commonly in groundwater and they pose a
significant cancer risk [Squillace et al., 1999]. Remediation of CVOCs poses economic
and technical challenges [McGuire et al., 2006]. Initially, a CVOC spill may be in the
form of a dense non-aqueous phase liquid (DNAPL) on or near the ground surface. The
spill will migrate downwards due to gravity, existing as an oil phase. It can also dissolve
in groundwater to exist as a dissolved phase; it can also evaporate to exist as a vapor
phase; or it can be adsorbed to solid phases. Though these compounds may have low
solubility, their low concentrations often still far exceed the maximum contaminant levels
(MCLs) regulated by U.S. EPA for safe drinking water standards because most of these
compounds are suspected carcinogens [USEPA, 2004a; 2004b; Squillace et al., 1999].
When VOC contamination occurs in low permeability fractured rocks or clays
(Figure 1-1a), remediation is an extremely challenging task due to the rate-limiting
diffusion process and the difficulty of delineating the fracture structures in the subsurface
[Kueper and McWhorter, 1991; Murdoch, 1995; Walden, 1997; O’Hara et al., 2000;
Falta and Murdoch, 2011; Reynolds and Kueper, 2002, 2003]. Ideally tight porous
media with their low permeability like rocks or clays may act as a barrier for fluid flow
[O’Hara et al., 2000]. However, if such media are fractured, as naturally occurring
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fractures are ubiquitous, the fractures provide preferential pathways for fluid flow and
contaminant transport because of the strong contrast of the permeability of the host
matrix and hydraulically active fractures (Figure 1-1b) [Kueper and McWhorter, 1991;
O’Hara et al., 2000; Reynolds and Kueper, 2002, 2003].
A mass transfer process, known as matrix diffusion, follows after the fracture
transport (Figure 1-1c). DNAPLs will dissolve in water and the dissolved mass will
transport from the fractures into the surrounding matrix due to the sharp concentration
gradient between the fractures and the matrix.

Over time since the contamination

occurred and migrated, say, decades or longer, DNAPL will eventually disappear from
fractures [Parker et al., 1994]. The dissolved CVOCs will then be stored in the porous
matrix.
Even after the contaminant mass in fractures are removed through natural or
manmade processes, the back diffusion due to the reverse concentration gradient will
continue causing contamination of the groundwater for a long time, such as more than
hundreds of years [Chapman and Parker, 2005; Falta, 2005; Parker et al., 1997;
Reynolds and Kueper, 2004]. Thus the objective of source zone remediation is to deplete
the mass stored in the matrix.

Because of the low permeability of the matrix,

conventional isothermal remediation methods such as pump-and-treat are ineffective for
flushing water through the matrix to clean up the contaminant and the timeframe of such
a remediation approach is often impractical. A similar limit may exist for other methods
relying on injection and contact, such as solvent flushing remediation or chemical oxidant
delivery, or bioremediation.
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Unfractured soil layer

(a)

Fractured rock
(limestone, sandstone,
basalt, volcanic tuff) or
unconsolidated material
(clay, silt)
Unfractured rock or
sediment layer
Later time

Shortly after a DNAPL spill

(c)

(b)

Figure 1-1
Contamination transport in fractured geologic media (a) the initial spill
may occur as DNAPL (dense non aqueous phase liquid) and moves through the underlain
fractured media where (b) initially contaminant compounds travels through fractures as
they are preferential pathways with high permeability than the matrix, and (c) in water
saturated zone the contaminant compounds dissolve in the groundwater and diffuse into
the surrounding matrix that may have significant porosity as the storage; the initial
DNAPL phase may disappear and the stored contaminant is in dissolved phase [Falta and
Murdoch, SERDP Project ER-1553 proposal].

Thermal remediation stands out as a promising alternative for source zone
remediation because of its effective delivery of energy into low permeability media
through the heat conduction or electrical conduction [Gudbjerg et al., 2004; Heron et al.,
1998b, 2005, 2009]. However, little work has been published on thermal applications in
fractured media [Stephenson et al., 2006]. Lack of understanding of the mechanisms of
the thermal methods in fractured media greatly hinders its application. Matrix boiling is
hypothesized to be an effective mechanism for contaminant mass removal from soils
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[Udell, 1998]. When the water-saturated matrix is heated up to boiling temperature,
water converts to vapor, and such phase change leads to thousand-fold increase of water
volume to vapor volume. The drastic stripping effect will induce and facilitate the
partitioning of CVOCs into the vapor and burst out of the matrix for its higher mobility
than liquid water due to much lower density and viscosity. The concentrated vapor must
be captured for further treatment. Simulation studies on geothermal reservoirs [Pruess,
1983] have found that the location where the boiling occurs is important and the
permeability may have a limitation for matrix boiling. For permeability lower than 1×1017

m2, boiling may be restricted in the vicinity of fracture at early times and that would

not contribute to the contaminant mass removal from the matrix. Early simulation work
using T2VOC by Dr. Falta in a single fracture matrix system estimated TCE mass
removal as a result of matrix boiling with high vapor phase mobility but not when boiling
occurs only in the fracture [Falta and Murdoch, SERDP Project ER-1553 proposal].
In summary, this project deals with source zone remediation of dissolved CVOCs
contamination in fractured clayey soils, where the stored CVOCs serve as a long-term
contamination source of groundwater.

The purpose of this research was to

experimentally characterize the boiling phenomenon and the induced mass transfer
processes as a result of heating the matrix of clay. The clay matrix in the tests had an
intrinsic permeability of ~1×10-17 m2, which was close to the predicted limit for effective
matrix boiling. An improved understanding of matrix boiling will help in development of
the guidelines for the application and find out the limits of contaminant mass transfer in
the field.
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1.2 THEIS OUTLINE
This thesis is divided into four chapters. Chapter 1 is the introduction with the
background of the project and literature reviews on DNAPL transport in fractured media
and thermal remediation. Chapter 2 describes the methodology and apparatus used in
preparing and heating clay specimens with example test results obtained from the
experimental apparatus. Chapter 3 documents a series of heating tests in two types of
apparatus and with different amounts of pore water removed during heating; a fracturing
mechanism for contaminant removal from clay matrix as a result of water boiling is
proposed. Chapter 4 is a theoretical analysis of the proposed mechanism of fracturing
and contaminant removal in clay matrix using numerical simulations to compare with the
experimental results.
1.3 LITERATURE REVIEW
1.3.1 Chlorinated Volatile Organic Compounds
Chlorinated volatile organic compounds (CVOCs) are prevalent subsurface
contaminants. The initial contamination may be in a NAPL phase that is immiscible with
water and forms a visible, separate oily phase in the subsurface existing on a significant
portion of contaminated soil and groundwater sites [Fetter, 1999]. Based on their density
relative to water, NAPLs are classified as LNAPL (light non-aqueous phase liquids) or
DNAPL (dense non-aqueous phase liquids).

DNAPLs are the most persistent and

difficult to manage subsurface organic contaminants [Parker et al., 1994]. DNAPL
includes chlorinated solvents, coal tars, creosotes, and PCB oils, among which
halogenated solvents are the most prevalent contamination [USEPA, 2003].
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These

compounds have been in widespread use in manufacturing and cleaning industries since
World War II, and they have been released to environment due to poor handling
practices, decaying storage facilities, inadequate disposal, and accidental leakage, spilling
and dumping. Two common original sources of DNAPL contamination are industrial
sites and waste disposal sites [Kueper and McWhorter, 1991; Levy, 2003].
After a DNAPL spill, its transport is controlled by both the properties of the
DNAPL compounds and the structures of the geologic media. Properties of DNAPL
compounds affecting their fate and transport through the subsurface include chemical
structure, liquid density, water solubility, vapor pressure and density, interfacial tension
(IFT), etc. [Mercer and Cohen, 1990]. The mobility of a DNAPL compound can be
simply quantified in terms of density and viscosity [Mayer and Hassanizadeh, 2005]. In
addition, DNAPL can dissolve in the water phase, evaporate into the gas phase, or absorb
onto the solid phase, depending on its solubility, Henry’s Law constant, and organic
carbon adsorption coefficient (Koc). The partitioning properties determine the extent to
which CVOCs occur as vapor (gas), aqueous (dissolved), solid (sorbed), or oil (NAPL)
phase. Thus DNAPL transport is always a multiphase multi-component problem with the
constitutive relationships of mass transfer between the phases. Often one contamination
site may comprise multiple CVOC compounds, and the properties of the mixture may
differ from single component. In a mixture, the equilibrium level of each component in
each phase is expected to be proportional to the mole fraction of its value in pure form
according to Raoult’s Law [Mayer and Hassanizadeh, 2005].
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Although DNAPL compounds are defined as immiscible in water to characterize
their hydrophobic nature, they still have some water solubility. Though it is low, that
solubility is often several orders higher than the maximum contamination levels (MCLs)
set by USEPA as the safe drinking water standards because most of DNAPL compounds
are suspected carcinogens. For example, TCE has solubility of 1.1 g/L but its MCL is
only 5 µg/L as it is considered to be “probably carcinogenic to humans” by the
International Agency for Research on Cancer (IARC) (ToxFAQs of ATSDR). Dissolved
CVOCs in groundwater pose a long-term contamination risk of exceeding the drinking
water standards when a DNAPL spill dissolves in groundwater or soil moisture.
Chlorinated solvents, especially trichloroethene (TCE) and tetrachloroethene
(PCE), are the most commonly occurring subsurface contaminants, and this is due to their
wide applications and also higher mobility in terms of their larger density and water
solubility, lower viscosity and affinity to soils than creosote, coal tar, and PCBs
[Feenstra, 1994]. In this thesis, a chlorinated solvent serves as a model CVOC.
1.3.2 Fractured Geologic Media
Geologic media are the soils and rocks either in vadose zone or in the saturated
zone where groundwater flows [Fetter, 1999]. The hydraulic properties of geologic
media include the porosity, the permeability, and capillary pressure and relative
permeability characteristics during its drying-wetting processes. A fracture in geological
media is a discontinuity, which is a mechanical break generated by compression, tension,
and shearing forces due to the heterogeneous lithostatic, tectonic, or thermal stresses
imposed on the geologic formations [National Research Council (NRC), 1996].
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Fractures range in length from microns to hundreds of kilometer and have significant
effect on flow and transport processes in the Earth’s crust throughout this scale range
[Berkowitz, 2002].
Fractured geological media are of interest in applications such as water supply,
subsurface waste repositories, petroleum reservoir exploitation, geothermal reservoir
exploitation and storage, and mining and mineralization processes [Berkowitz, 2002].
Besides natural-occurring fractures, artificial fractures may also be generated to facilitate
the exploitation or fluid delivery for remediation (e.g., [Castle et al., 2005; Murdoch and
Slack, 2002; Siegrist et al., 1999; Murdoch, 1995]). The fracture system may be dynamic
and complicated by the interaction between the fluids through fractures and the fracture
opening [Murdoch and Germanovich, 2006; National Research Council (NRC), 1996].
The term fractures refer to all cracks, fissures, joints and faults, and here fractures
associated with fluid flow and contaminant transport by default are openings excluding
the cemented fractures. Particularly, fractured media hereafter refer to fractured rocks
and clayey soils that have a strong contrast of permeability between the fractures and the
host matrix.
1.3.3 CVOC in Fractured Media
When a CVOC spill enters into a fracture-matrix system of clays or rocks,
fractures are openings of the tight host matrix so they have larger permeability and lower
entry pressure to provide preferential pathways for dissolved CVOC or NAPL migration
[Amundsen et al., 1999; Kueper and McWhorter, 1991], whereas the matrix has lower
permeability and higher entry pressure, but larger porosity serving as the storage of
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CVOCs [Berkowitz, 2002]. Fractured media are often highly heterogeneous systems and
it is difficult to delineate the connected fractures. In fractured media, the fracture
properties such as the fracture density, connection, orientation, aperture size, are
controlling factors for the contaminant flowpaths. For example, in a well connected
fractured system, CVOCs in groundwater travels through much faster than in a poorly
connected fracture system [National Research Council (NRC), 1996].
The two major processes associated with CVOC transport in fractured geologic
media are entry into fractures and matrix diffusion; and the latter incorporates
dissolution, adsorption, and diffusion. DNAPL entering a fracture is dictated by the
density of the compound and the capillary pressure of the fracture [Kueper and
McWhorter, 1991]. DNAPL may pool on top of a vertical fracture until the pool height
has accumulated to have a capillary pressure exceeding the entry pressure of the fracture
that is inversely related to the fracture aperture, and then the compound can enter and
displace the water in the fracture. A higher density compound needs a smaller pool
height than a lower density compound to enter a same sized fracture; similarly, the same
compound enters a fracture of larger aperture more easily than a fracture of small
aperture [Kueper and McWhorter, 1991]. A surrounding hydraulic pressure gradient also
plays a role here: a downward gradient from a pumping well will assist the compound to
enter, and a reverse gradient will hinder migration. Besides vertical migration, capillary
pressure causes the lateral spread of DNAPL contamination [Brewster et al., 1995;
Reynolds and Kueper, 2001; Schwille, 1988].

DNAPL will enter into vertical and

horizontal fractures with small resistance and it may not necessarily be coincident with
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groundwater flow direction [Kueper et al., 1992; Reitsma and Kueper, 1994], and this
could make it difficult to trace the contamination in a fractured setting.
DNAPL enters into the fracture and will disappear through dissolution in the
water and diffusion into matrix. The dissolved mass transfers from the fracture into
matrix via the process of matrix diffusion driven by the sharp concentration distinct.
Eventually the free phase (DNAPL phase) disappears from the fracture and only the
dissolved phase is stored in the fractured media, primarily in the matrix [Parker et al.,
1994] (Figures 1-2 and 1-3). Mass exchange between the two domains, matrix and
fracture, occurs in two ways. Once the contaminated water flows out of the fracture
either by natural or manmade processes, fresh groundwater flows in and a reverse
concentration gradient will cause back diffusion and desorption from the matrix into the
fracture to replenish the fractures until equilibrium of the contaminant in both fracture
and matrix is reached.

The reverse matrix diffusion poses a serious groundwater

contamination problem in fractured media and the diffusion process controls the time
required for remediation [Parker et al., 1994; 1997].

The timeframe of traditional

remediation is increased due to the limited mass transfer rate of dissolution and diffusion
[Ho and Udell, 1995; Hunt et al., 1988]. The time for the contaminant to diffuse back
out of the matrix is about 10 times that of the time for the contaminant mass to diffuse
into the matrix based on the diffusion equation [McWhorter, 1995; Walden, 1997].
Fractured media can be grouped into two categories: large and small matrix
porosity [Pankow and Cherry, 1996; USEPA, 2003], and DNAPL migration exhibits two
different scenarios in terms of matrix diffusion. The disappearance time of the compound
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from fracture depends on properties of both the chemical and geologic media [Parker et
al., 1994; 1997]. If matrix storage capacity exceeds the released compound mass, the
disappearance time is finite. The disappearance time is found to be shorter for clays and
longer for rocks [Esposito and Thomson, 1999; Mckay et al., 1998] (Table 1-1, Figure 1-2
and 1-3). Therefore in fractured clays, little or no contaminant is expected in DNAPL
phase even if the initial release is in DNAPL phase. This dissertation addresses clays,
which have hydraulic conductivities less than 1×10-5 cm/s [as defined by Walden, 1997]
and porosity of 0.5 or larger.
Clays are found to have interactions with a NAPL phase that tends to increase the
hydraulic conductivity when they are in contact [Abdul et al., 1990; Barbee, 1994; Brown
and Thomas, 1987; Brown and Daniel, 1988; Green et al., 1983; Griffin et al., 1985;
Herzog and Morse, 1986; Herzog and Griffin, 1990; Mitchell and Madsen, 1987]. The
self-made fractured from the shrinkage and cracking as a result of the interactions
increase the risk of DNAPL breakthrough of the clay layers compared to the travel time
predicted from the permeability measured from an uncontaminated and unfractured clay
deposits. It is also found that high concentration of organic solvents may alter the fabric
of clay and greatly increase its intrinsic permeability, though the alternation may not
include significant changes in porosity [Hueckel et al., 1997; Kaczmarek et al., 1997;
Fernandez and Quigley, 1988].
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Figure 1-2
A conceptual
nceptual model for DNAPL migrating into a fractured medium. (a)
The initial step is of the DNAPL invading a fracture with a water layer between the
DNAPL
NAPL and the fractured geologic medium. DNAPL will dissolve into the water and the
dissolved DNAPL can then diffuse into the water in the porous matrix. (b) As mass is lost
from the DNAPL finger by diffusion into the porous matrix, the DNAPL finger thins and
a
becomes discontinuous. (c) Eventually all of the DNAPL has dissolved and is present as
a dissolved phase in water in the fracture as well as diffused into the porous matrix. (after
[Fetter, 1999; Parker, et al.,, 1994]
1994])

Table 1-1

Simulation results of DNAPL disappearance time for clay and rocks with
typical aperture and matrix porosity due to matrix diffusion (([Parker,
[Parker, et al.,
1994])

Formation type

Aperture ((µm)

Matrix porosity

Disappearance time

Clayey or silty

1-100

25%-70%

Days to a few years

10-200

5%-15%

A few years to decades

deposit
Sedimentary rocks
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DNAPL disappearance in fractures. (a) Disappearance of DNAPL from
Figure 1-3
fractures due to matrix diffusion, observed as a halo forms around a fracture as the
DNAPL phase disappears in the fracture (([UK Environment Agency, 2003]),
2003 and (b)
Illustration of TCE mass disappearance from fractures for three geologic media in a
simulation study: TCE mass in fractures disappears more rapid in clays than
shale/sandstones ([Esposito
Esposito and Thomson, 1999]).
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1.3.3 Thermal Remediation of CVOCs in Fractured Geologic Media
The CVOC filled matrix forms a long-term contamination source to aquifer, and
remediation of CVOCs in fractured media is identified as an extreme technical challenge
[National Research Council (NRC), 1994]. The conventional remediation methods that
rely on isothermal fluid flow such as pump-and-treat are ineffective to tackle the
contamination problem in the highly heterogeneous fractured media [Mackay and
Cherry, 1989]. Flushing water or solvent through the fractured media will flow through
the fractures where there is less resistance but little contamination; it is difficult to reach
the low permeability matrix with the majority of contamination mass.

Since back

diffusion from matrix is a slow process, the flushing may end up requiring a large amount
of fluids with low concentration to dispose of and may take an undesirably long time.
The uncertainty of fracture networks makes it even more difficult to reliably deliver
remediation agents into the matrix [National Research Council (NRC), 1994].
Thermal methods are emerging alternatives for remediation of low permeability
media. Thermal remediation delivers heat instead of fluids through the low permeability
media that is not readily penetrated by fluids. Thermal conductivity of geologic material
is nearly homogeneous compared to hydraulic permeability [Baston, 2008; Baston and
Kueper, 2009; Gudbjerg et al., 2004].

Thermal processes are aggressive physical

remediation, inputting energy to manipulate physical properties so as to enhance the mass
transfer between different phases or destroy the compound through pyrolysis [Henry et
al., 2003]. The properties of VOCs are temperature dependent. At raised temperatures,
normally the density decreases, viscosity decreases, water solubility increases, Henry’s
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Law constant increases, interfacial tension is lowered, and soil adsorption coefficient
decreases [Heron et al., 2005], along with a lowered boiling point for a mixture of
DNAPL and water [DeVoe and Udell, 1998]. These changes will lead to an increased
vapor partitioning of a compound through vaporization, volatilization, dissolution, and
desorption, facilitating the extraction in the gas phase.

In low permeability soils,

hydraulic fracturing may need to facilitate the extraction and recovery of the contaminant
[Walden, 1997]. Fine-grained soils such as clay and silt may shrink or crack at high
temperature, thus promoting the removal of the contaminants within them [USEPA,
2004a, 2004b].

During and after thermal remediation, biological and chemical

degradation may occur with the induced mechanisms of microbial mineralization of
NAPL, hydrous pyrolysis oxidation, and hydrolysis at elevated temperature [Heron et al.,
2005]. Thermal methods may also be applied in conjunction with other remediation
methods such as bioremediation [Christ et al., 2005].
The current thermal remediation technologies include thermal conduction heating
(TCH), steam enhanced extraction (SEE), dynamic underground stripping (DUS), and
electrical resistance heating (ERH) [Beyke and Fleming, 2005]. ERH, also named Joule
or ohmic heating, requires water to be present.

It is suitable for fine-grained soils

[Fountain, 1998] such as clays because of their low electrical resistivity and high water
content [Henry et al., 2003] and it is more effective than thermal conductivity in these
soils [Carrigan and Nitao, 2000]. On the other hand, thermal conductivity, independent
on water in the porous media, may heat up to much higher temperature, e.g., 800 °C, to
deplete the high boiling point DNAPL such as PCBs [Baston and Kueper, 2009].
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Microwave heating and radio frequency heating are also capable of raising soil
temperature [Fountain, 1998]. Heat can also be introduced by hot water injection and
steam injection [Stroo et al., 2003; U.S. EPA Technology Innovation Office, 2010].
These methods are limited in low permeability and heterogeneous media [Davis et al.,
2005]. In a full-scale field application, steam injection was used to deliver heat to the
permeable zones, while electrical heating was used to heat the low-permeable zones
[Heron et al., 2005]. The combination achieved an effective and uniform heating up to
100 °C. Along with cycling pressure of steam injection and extraction operation, the
heating led to an average 99.9% mass removal of DNAPL compounds in soil and most
groundwater samples below MCLs [Heron et al., 2005].
Thermal methods appear to have high efficacy in low permeability media or
heterogeneous media where other options are impractical. EPA listed 58 sites of thermal
remediation field sites, and many of them have achieved impressive results, such as 90%
mass removal in source zone [Stroo et al., 2003]. Thermal remediation methods are still
innovative, relatively expensive for a short-time spending, and they have uncertainties for
site-specific conditions and are hindered by a lack of non-vendor assessment of the
performance [Stroo et al., 2003; USEPA, 2003]. The cost in a long-run perspective could
be competitive with other options [Baston, 2008; Baston and Kueper, 2009; Gudbjerg et
al., 2004]. The poor understanding of the mechanism hinder the efficient use of thermal
remediation. Thus further evaluation of the performance and identify the limits will
benefit the field application.
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1.3.4 Matrix Boiling Mechanism for Mass Removal of CVOCs
Boiling is identified as a mass removal mechanism for the free product [Gudbjerg
et al., 2004]. Water boiling is also recognized as a mechanism for reduction of aqueous
phase concentration of contaminants due to water/vapor partitioning of DNAPL after
heating and applying depressurization in experimental study using a sand column [DeVoe
and Udell, 1998] and in a theoretical analysis [Itamura and Udell, 1995]. Water/vapor
phase change of boiling can generate 1600-fold volume expansion based on water and
vapor density of 970 and 0.62 g/L at 100 °C and 1 atm pressure [Heron et al., 2009]. The
increased vapor could cause dramatic stripping of the dissolved and sorbed CVOCs in the
matrix. Aqueous phase concentration of the contaminants decreases as the water boils,
and the reduction is quantified by the following equation [Udell, 1998]:
Ci,w
C i,w0

m
=  w
 m w0





Γ −1

(1-1)

where C i , w and Ci , w 0 are CVOC concentrations in water after boiling and before
boiling, mw and m w 0 are water mass after and before boiling, the exponential term
Γ = H ρ w / ρ v , H is the dimensionless Henry’s constant for the VOC species, and ρ w
and ρ v are the density of water and vapor, respectively. At 20 °C, TCE and PCE have
Γ value of 300 and 900, respectively [Udell, 1998]. At an elevated temperature, the
Henry’s constants for common organic compounds are about doubled for every 10 °C
increase [Staudinger and Roberts, 2001]. As for TCE, the exponent term is estimated to
be 5640 with an increased Henry’s constant H by 20-fold from 10 to 95 °C in dilute
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aqueous solutions [Heron et al., 1998]. Hence the aqueous concentration will drop
significantly with a small fraction of water boiling into vapor due to the large exponent
term Γ that is from both a large H and the large density ratio of liquid water and vapor.
This theory also indicates the thermal remediation for mass removal in a saturated zone
does not need to boil out all the water; so this is good news for reducing the power cost
because boiling water is energy-intensive.
The remediation time may be dependent on the permeability of the media. As
shown by a simulation, to achieve 90% mass removal for a 4 m by 4 m by 4 m cube
volume of uniform permeability, about 1 h is needed for 1×10-12 m2 media and almost
1×105 h for 1×10-16 m2 media [Udell, 1998]. However, in this case, the initial water
saturation was only 10%, probably not representative to saturated fracture-matrix system.
In water saturation as high as 0.9 case for a silty soil test, an experimental study shows an
impressive 99.8% mass removal of TCE injected at its solubility and heated up to 100 °C
using electrical heating [Heron et al., 1998b]. The mechanism was recognized as boiling
of the pore water and the 9-fold increase of Henry’s constant for TCE. In eight DNAPL
sites where in situ thermal desorption methods were applied, all of them are reduced from
soil concentration above 1000 mg/kg to below 1 mg/kg, with average cost of $103/m3
[Heron et al., 2009]. The steam generation at the pore scale from water boiling is also
recognized as the major mechanism to evaporate and sweep out the CVOCs to extraction
system [Heron et al., 2009]. In low permeability media, the volatizing contaminants
partitioning into the water steam upon heating increase the vapor pressure, and the vapor
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tends to move to adjacent high-permeability layer [Carrigan and Nitao, 2000]. This
indicates the vapor moves towards the fracture from matrix in a fractured media.
Heat transfer in a fractured system is strongly coupled with multiphase flows and
thermodynamics. Where the boiling will occur determines the effectiveness of the
thermal remediation. Very little work has been done on the boiling effect in fractured
media. A simulation of the boiling in a fractured system contaminated with TCE has
been done by Dr. Falta using US DOE code T2VOC [Falta et al., 1995] for a 1 m3 block
of fractured low permeability media with a high permeability fracture in the center [Falta
and Murdoch, SERDP Project ER-1553 proposal].

Depending on the relative

permeability of gas and liquid, three regimes of boiling were simulated with completely
different mass removal of TCE (Figure 1-4). When the boiling occurs in the fracture in
the case of immobile gas and mobile liquid, little mass removal is achieved during
heating for almost 80 days; when the boiling all occurs in the matrix in the case of mobile
gas and immobile liquid, the mass removal is achieved in about 13 days since onset of
boiling with the steam stripping effect, and this result is similar to the boiling mechanism
predicted by Eq. (1-1) [Udell, 1998]. In the relative permeability of gas and liquid
relationship of Brooks-Corey type, each phase has a dynamic permeability related with
their changing saturation, and the boiling is moving from the fracture (water is mobile)
into matrix (gas is mobile). The mass removal falls in between the previous two cases, a
large mass removal is achieved with a longer time than the solely matrix boiling. A
complete boiling of pore liquid is not required for a complete TCE removal from the
matrix.
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The boiling mechanism needs to be evaluated in a fracture-matrix system to
provide insight for the suitability and limitations of the application of thermal methods in
the heterogeneous media. Both experimental work and numerical simulation are
employed to evaluate the phenomenon in this dissertation. A well controlled bench-scale
experimental setting will reduce the uncertainties in parameter estimation, allowing the
comparison between simulation and experimental results [Oostrom et al., 2006].

TCE Mass in Matrix, kg

1.0E-02

1.0E-03
TCE mass, krg=0,
liquid water is mobile

1.0E-04

TCE mass, typical
krg(Sg), krw(Sw)

1.0E-05

TCE mass, krw=0,
gas is mobile
1.0E-06

1.0E-07
0
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Time since start of heating, days

Figure 1-4
TCE mass removal during heating and induced boiling. Triangles show
boiling occurs in the fracture with little mass removal after long time heating; diamonds
show the boiling occurs completely in matrix, where the mass removal is achieved in
short time; circles represent the typical Brooks-Corey type gas and liquid relative
permeability curves, gas becomes mobile as water saturation decreases and the mass
removal falls in between the two other regimes [Falta and Murdoch, SERDP Project ER1553 proposal].
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1.4 OBJECTIVES
1.4.1 Significance of the Project
The significance of understanding the contaminant mass transfer during matrix
boiling in fractured clays could benefit the remediation efforts. The longevity of a
CVOC source zone for groundwater contamination is primarily caused by the ratelimiting matrix diffusion process in fracture-matrix system.

Historically, the low

permeability units in the subsurface such as clays are used as an effective barrier to
constrain further migration of DNAPLs [Reynolds and Kueper, 2001].

However,

fractures in the formations may not only greatly hamper the effectiveness of such a
barrier but also induce a contamination source for an almost infinitely long time.
Remediation of CVOCs in fractured media is identified as an extreme technical
challenge [National Research Council (NRC), 1994]. Many traditional remedial
technologies are ineffective in the highly heterogeneous situations such as fractured
formations [Mackay and Cherry, 1989]. Thermal remediation methods are promising to
tackle the problem.

Matrix boiling and its stripping effect are thought to be the

mechanism for removal of dissolved CVOCs from water saturated low permeability
media. But little laboratory study and numerical study have been done on a fracturematrix media. The overall purpose of this dissertation is to better understand the coupled
multiphase heat and mass transfer processes during boiling from heating the
contaminated low permeability rocks and clays. The improved understanding will lead to
improved design strategies in field remediation application in fractured media.
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1.4.2 Research Hypothesis
The hypothesis for both fractured rocks and clays are the in situ boiling occurs in
the matrix and moves towards fractures, and the matrix boiling will induce the stripping
and vaporization of CVOCs. The permeability of matrix determines the boiling location.
When boiling occurs in matrix with a mobile gas phase, an effective contaminant removal
as a result of partitioning into the mobile vapor will achieved. Low matrix permeability
may limit the boiling location at the fracture thus limit the contaminant mass removal
from the matrix.
1.4.3 Research Specific Objectives
The scope of the proposed research in this thesis is the source zone aqueous phase
CVOC depletion in fractured clays including experimental work and numerical
simulation.
The three specific objectives are:
(1)

Develop an experimental method to characterize the contaminant mass
removal process from heated low-permeability matrix in clays in a 1-D
system (Figure 1-5);

(2)

Experimentally evaluate the CVOC mass transfer during matrix boiling
as a function of pore water removal and power input; and

(3)

Identify the sensitivity of boiling process to matrix permeability and
propose removal mechanisms accordingly.
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(a)

(b)

Field Scale

Fracture-matrix interaction
is locally ~ 1-D

(c)
Unfractured matrix material (silt,
clay, limestone, sandstone, etc.)

Simulated fracture
on one end

Figure 1-5
Schematic of experimental design. (a) a 3-D fractured rock block where
boiling occurs in the matrix; (b) enlarged view of a fracture-matrix set; (c) a cylindrical
sample represents the unfractured rock/clay matrix and the open end represents the
fracture adjacent to the matrix, with all the other boundaries sealed as no flow. [Falta and
Murdoch, SERDP Project ER-1553 proposal]
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CHAPTER 2
EXPERIMENTAL METHOD FOR CHARACTERIZING
MATRIX BOILING IN FRACTURED CLAYS

2.1 ABSTRACT
Thermal methods of remediation show promise, but limited experimental data are
available because experiments involving volatile contaminants at boiling temperatures
present considerable challenges. An experimental method was developed and used to
evaluate thermal remediation at boiling temperatures. The method is described and
briefly illustrated with an example in this paper, and more detailed results are presented
in a companion paper. The experimental method uses uniformly contaminated clay
packed into two types of experimental configurations, a rigid-wall stainless steel tube, or
a flexible-wall Teflon tube in a pressurized cell. Both columns are 5 cm in diameter and
approximately 25 cm long. The columns were heated to more than 100 °C and then one
end was set to atmospheric pressure and the outflow was condensed and analyzed for
recovered contaminant mass. The flexible-wall cell could be confined by up to 100 kPa,
which allowed equilibrium temperatures of roughly 120oC to be maintained. Once the
temperatures along the column exceeded 100 °C, the top end was depressurized to induce
boiling.

Mass transport occurred along the columns and sampling and extraction

techniques were developed to measure the distribution of contaminants along the length
of the core after heating was stopped. Internal temperatures and pressures along the
sample were monitored.

Techniques for assessing mass and energy balances were
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developed and used to evaluate performance. Results from experiments using these
methods show significant removal of volatile contaminants from clay under boiling
temperatures and at pressures that could be encountered in the field.
2.2 INTRODUCTION
Volatile organic compounds (VOCs) in low permeability geologic media may cause long
term groundwater contamination. Low permeability soil or rock matrix can store a
significant mass of dissolved and sorbed contaminants that slowly release into
groundwater as a persistent source [Parker et al., 1994, 1997, 2008; Mackay and Cherry,
1989]. Conventional remediation methods that rely on fluid flow are ineffective in the
low permeability matrix because fluid flows primarily through fractures in the media.
The uncertainly of the location and aperture of fractures in the subsurface also make it
difficult to reliably deliver remediation agents into the matrix [National Research
Council (NRC), 1994].

Cleaning up the persistent sources in fracture-matrix media

remains a major challenge in environmental remediation [Kueper and McWhorter, 1991;
Murdoch, 1995; McKay et al., 1998; Falta et al., 2005].
Thermal remediation is a promising alternative because heat can be effectively
delivered into the media in spite of the low hydraulic permeability [Gauglitz et al., 1994;
Heron et al., 1998b]. At elevated temperatures, steam created from boiling of the pore
water can strip VOCs from the matrix, potentially providing a means to remediate these
materials. The stripping effect is caused by the thousand-fold volume increase when
water boils and undergoes a phase change from liquid to steam, and by an increase of
Henry’s law coefficient at a high temperature, which strongly promotes partitioning of
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VOCs into a mobile steam phase [Heron et al., 1998; Udell, 1998; Falta and Murdoch,
2011].
Although some field results are promising [Heron et al., 2005; 2009],
understanding of the mechanisms of mass transfer during thermal remediation remain
incomplete and this is a barrier to optimizing the remediation process. Modeling studies
indicate that matrix permeability is a sensitive parameter and may limit the effectiveness
of thermal remediation in tight materials [Falta and Murdoch, SERDP Project ER-1553
proposal]. Verifying this prediction has been difficult because there are only a handful of
laboratory studies on the contaminant mass transfer at elevated temperature. A heating
test was done by Heron et al. (1998) for a silty soil with 10-17 m2 (10-5 Darcy) and
achieved an impressive dissolved TCE removal. They took seven days to contaminate 84
L silty soil packed in a 2-D tank and about 30 days to heat the soil up to close 100 °C
using electrical resistance heating and then obtained a dramatically increased contaminant
mass recovery. The TCE removal rate increased to about 20 times the initial rate at
ambient temperature.

Over the last 6 days at the steam temperature of 99-100 °C

uniformly in the silt, about 0.57 pore water was boiled out as vapor. The same amount of
water was added around the electrodes to maintain sufficient electrical conductivity. At
the termination of the test, a nearly complete removal was achieved as only 0.2% of
initial TCE mass remained in the silt. The exact boiling location is not known, however,
in the heating test and no temperature gradient towards the vapor extraction location was
observed in the silt. A temperature and pressure gradient towards the extraction location
is expected for a boiling taking place in the matrix.
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Another heating test was done on a core of Berea sandstone to evaluate in situ
matrix boiling and the results show a complete mass removal of dissolved VOC from the
matrix [Chen et al., 2010]. This test was designed to cause one-dimensional transport
along the axis of a cylindrical core. The cylinder is assumed to represent matrix material
normal to a fracture, and the top end of the cylinder represents the fracture wall. The
cylinder was contaminated uniformly by pumping water containing dissolved DCA
through it. The cylinder was uniformly heated by a strip heater wrapped around the
surface and the two end caps had additional heaters to compensate the heat loss from the
ends. After heating, the top end of the core was depressurized, representing vacuum
extraction on the fracture system, and the resulting steam was condensed and analyzed
[Chen et al., 2010]. Complete contaminant removal was obtained in the Berea sandstone
upon heating and depressurization. In this test, the expected temperature gradient for
matrix boiling was observed along the matrix towards the outlet [Chen et al., 2010]. This
test provides a good foundation for experimental characterization of the contaminant
mass transfer during heating, but it was limited to Berea sandstone with moderate
permeability, ~10-14 m2.
The method used by Chen et al. [2010] was considered for cores of mudstone
with low permeability (<10-17 m2). In the method it requires circulating water with
dissolved contaminants in order to uniformly contaminate the core prior to testing. Low
flowrates through the mudstone would have required many months or longer to
contaminate the core, so this approach appears to be impractical.
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An alternative method was developed where contaminants are dissolved in water
and used to hydrate kaolin clay, which is then molded into a cylinder. This experimental
approach appears to be a viable method for making low permeability, contaminated
samples. Compared to Berea sandstone, the kaolin clay has a lower permeability and
larger porosity. Also different from the rock core, the clay specimens are soft and
become deformable and stiff upon heating. These differences have required a variety of
modifications to the methods used to both conduct the tests and characterize the results.
The purpose of this paper is to describe the experimental methods, document their
development, and give an example of their use. Applications of the methods in a suite of
experiments, and a synthesis of the results are described in companion papers (Chapter 3
and 4). This method is able to characterize in details the contaminant mass transfer in the
soft clay with lower permeability than the sandstone [Chen et al., 2010].
2.3 MATERIALS AND METHODS
The experiments consist of preparing a uniformly contaminated kaolin clay,
packing the clay into a cylindrical cell, sealing the cell and heating it, and then recovering
and analyzing water and contaminants that flow out of one end of the cell. Conceptually,
the tests were designed to represent a cylinder of matrix normal to the plane of a fracture
[Chen et al., 2010]. The top end of the cylinder represents the wall of the fracture, so
transport along the axis of the cylinder is assumed to characterize transport from the
matrix to a fracture—the process expected to limit the rate of remediation. Important
aspects of the tests include creating clay with uniform and reproducible properties;
containing the clay in a sealed cell; heating the system and characterizing the
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temperature, flow rate, and pressure during the test; condensing the outflow and
containing it in a sample bottle, and determining the distribution of contaminants
remaining in the clay, as well as assessing the final properties of the clay.
2.3.1 Clay Preparation
Clay used in the tests was made by mixing dry kaolin powder (Kaolin P, U.S. Silica) and
degassed tap water. Tests were conducted using different ratios of clay powder to water
to obtain the best operational properties. This was done by compacting samples with
different ratios of clay and water in a 5-cm-diameter tube, and then measuring the density
and assessing the ability to prepare a sample with consistent properties. A ratio of 1 g dry
clay powder to 0.42 ml water was found to give the maximum wet bulk density, 2.2 g/ml,
after compaction. This ratio gives the packed clay samples a water fraction of 0.42 by
weight (water to dry clay), or 0.6 by volume (water to total sample volume). The water
content that gives the maximum density was used to minimize the effects of shrinkage
during drying. It also produces a uniform material that can be molded easily—changing
the water content produced a material that was too dry or too sticky to create uniform,
molded samples. Other properties are summarized in Table 2-1.
Clay samples were contaminated with a solution containing a dissolved volatile
organic compound (VOC) and nonvolatile bromide, at concentrations of ~100-300 mg/L.
1,2-dichloroethane (DCA) was used because it is a common and persistent contaminant
[Henderson, 2008] with a relatively low vapor pressure and high solubility. Those
characteristics will cause DCA to occur preferentially as a dissolved phase, which will
reduce its mobility during boiling compared to more volatile or less soluble compounds.
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This makes DCA more difficult to recover than some contaminants, such as TCE, so the
results of heating tests will be conservative relative to results using more volatile
contaminants. The characteristics of DCA will also reduce losses during testing, which
will improve the mass balance in the experiments [Chen et al., 2010]. In addition, DCA
has a relatively low partition coefficient to soils (i.e., Koc) and the organic carbon fraction
in the clay used in the test is less than 1%, thus the aqueous phase was focused in the
study. The adsorption may have difference between the lab-prepared contaminated clay
and contaminated site of field-scaled. The adsorption and desorption of DCA with clay
grain were not addressed in the study and they may be rate-limited in clay due to narrow
pores [Aochi and Farmer, 1995; Aochi and Farmer, 2005].
Bromide was used as a tracer because it is non-volatile and conservative and
remains in the liquid phase during boiling. As a result, it will serve as an indicator for the
extent of boiling in the system [Chen et al., 2010].
The contaminant solution (degassed tap water + DCA + Br-) was mixed with clay,
kneaded by hand into a uniform material, and placed into a cylindrical cell that was
sealed on the bottom. Layers of clay were compacted with a 2.5-cm diameter aluminum
rod as the container was filled. A stainless steel end cap was placed at the top to seal cell.
It took about 15 to 20 min to mix the clay, and another 15 to 20 min to pack it into a
testing cell and seal it. The packed cell was weighed, and the initial weight of the packed
material was determined by subtraction. The packed clay specimen was allowed to
equilibrate for at least 16 h (ASTM D698-07) before heating. This method concerns the
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equilibrium time when wet soil samples are prepared from dry soil intending to
equilibrate the water content, not associated with a contaminant.

Table 2-1

Properties of clay used for testing

Properties

Measured value

Method

Bulk density (g/ml)
Water content (by volume)

2.20
0.62

Water content (by weight)
Organic carbon fraction (foc)
Permeability (m2) measured
using water
Permeability (m2) measured
using air

0.40-0.45
0.54%
10-16 (0.05-0.1 mD)

ASTM D698-07
Converted from mass based water
content, water density, and sample
volume measured
ASTM D2974-00
ASTM D2974-00
ASTM D5084-03

10-14

ASTM D4525-08

a

Water content (by volume)=water volume/sample volume
Water content (by weight)=water weight/dry clay weight
c
Water density=1 g/ml (to estimate water volume from water weight)
d
Water loss was measured by oven dry clay sample at 105 °C for overnight
e
A fractional organic carbon of 0.54% dry weight basis was obtained according to the
ASTM D2974-00 (105 °C overnight for water content by weight, and then 360 °C
overnight for total organic matter, and the conversion factor of 58% carbon in the total
organic matter).
f
The measurements were provided in Appendix A. Because the ASTM D4525-08 is for
rock and well-indurated soils, the results of ASTM D5084-03 was used to identify the
permeability of the clay throughout the text.
b

Baseline tests were performed to evaluate the diffusion losses during preparation
of the clay. In one of the baseline tests, the DCA-containing aqueous solution and clay
samples were exposed to the open air and sampled over time. Because of the possible
diffusion loss and evaporation during sample preparation, the initial solution
concentration of DCA was measured for each test, and a corrected concentration was
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obtained by analyzing DCA concentration in the clay (the extraction method is outlined
below). The actual measured concentration (Initial mass distributed in the pore water,
denoted as Mass IN/Vpore) was used as the initial concentration to scale the outflow
concentrations in the test. In general, the concentration measured in the clay at the start
of the test was less than the concentration in the initial solution (after appropriate
conversions), i.e., pore water concentration was about ~20% of the concentration in the
solution, presumably because of losses during sample preparation.
2.3.2 Experimental Apparatus
Experiments were conducted with clay cylinders sealed in a cell between with
porous disks and end caps (Figure 2-1). Two types of cells were used in the experiments:
a rigid-wall stainless steel tube and a flexible-wall Teflon heat shrink sleeve (McMaster
Carr) contained in a pressurized chamber (Figure 2-2). Both the stainless steel tube and
the Teflon sleeves were 5.0 cm (2 inch) in diameter and 30 cm (1 ft) long. The porous
disks (FAO-300, Filtros Ltd.) and end caps (stainless steel 304, McMaster Carr) were ~3
cm long at each end, so the total clay sample length was 23 to 24 cm. End caps were
pushed into the stainless steel tube and sealed with two silicone o-rings (McMaster Carr).
Caps were threaded onto the rigid tube to hold the end caps in place.
A silicone sheet 2 mm thick (McMaster Carr) was wrapped around the end cap
before inserting into the Teflon sleeve. Heat was then applied to the sleeve to shrink it
onto the silicone. Additional silicone was wrapped on the outside of the sleeve to protect
it from the two hose clamps, which were used to compress the sleeve onto the end caps
(Figure 2-2).
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The stainless steel and Teflon test cells provided different capabilities and
conditions during the tests. The walls of the stainless steel cell (3.9 mm or 0.154” thick)
contained several dozen threaded holes distributed in a helix manner for obtaining
samples or measuring pressure and temperature. Some of them also served as ports for
injecting DCA-containing water (these experiments are not described here but in
Appendix D). A pipe-to-tube adapter with 10-32 thread (McMaster Carr) was sealed into
the port for temperature and pressure signals (Figure 2-1b). The original o-ring of the
adapter was replaced with a silicone o-ring to endure high temperature. The adapter was
used directly for monitoring the pressure inside the rigid-wall cell on the surface of clay.
A 1/16 silicone tubing was connected to the adapter at one end and at the other end to the
pressure transducer (PX26-015 DV psid, Omega) and data acquisition system (DAQ,
USB-6008, National Instrument) controlled with a Labview program.

Specialized

temperature sensors were developed with micro-thermistors (Betatherm 10K3MCD1,
Measurement Specialties, Inc.) sealed in stainless steel capillary tubing, which was
inserted into the clay passing through the adapter (see the heating section for details).
For the flexible-wall cell, heat-shrink Teflon tube (ID 2.1 inch shrinks to 1.8 inch,
thickness 0.5 mm or 0.02 inch after shrinking, McMaster Carr) was used to contain the
clay with a flexible membrane. The clay was packed into the Teflon tube with the
bottom end cap sealed in place. The upper end cap was sealed by heating the Teflon to
shrink it around the cap. To minimize initial DCA mass loss, most of the Teflon tube
was in a pristine state (i.e., without being heat shrank) prior to testing, so it shrank when
heated during the test. This caused the Teflon to be compressed on the clay. The Teflon-
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encased clay was placed in a pressurized chamber, and the pressure in the chamber
further compressed the Teflon around the clay.
The upper end cap contained one fitting that was used to measure pressure, and
another that collected fluids flowing out of the clay. The outflow tube was stainless steel
3 mm (1/8 inch) in diameter and it extended for approximately 40 cm to a sample bottle.
Approximately 20 cm of the outflow tube was enveloped in a larger copper tube, 8 mm
inside diameter. Water chilled in an ice bath was circulated through the larger tube to
remove heat from the inner tube and condense fluids within it. The temperature of the
fluid leaving the condenser was monitored at the outside copper tube and it was typically
in the range of 20-25 °C.
Fluid samples were obtained at the end of the condenser, where the 3 mm tube
terminated in a sharp capillary tube or stainless steel Luer-lock needle (McMaster Carr).
Sample vials (50-ml) capped with silicone and Teflon were impaled on the capillary tube
to obtain a sample. Some vials were evacuated prior to use, so the pressure dropped to
below atmospheric pressure each time a vial was replaced and it increased as the vial
filled with outflow from the condenser. For most of the tests using Teflon sleeves, the
sample vials were vented to avoid the pressure build-up in the vial as the water
accumulated. This was done because the increasing pressure in the vial decreased the
outflow rate and significantly extended the duration of the tests. In this way the heating
tests could be completed in a reasonable timescale (e.g., within 24 h). This was a
problem because mass losses increased with time. For example, a test was done to dry
out clay in a Teflon tube with low power input for 100+ h, a poor recovery of DCA (less
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than 10%) was found. To further evaluate the diffusion loss from the heating tests, two
baseline tests were conducted with parallel clay columns where one was heated and the
other was not heated, both were sealed during the tests. The baseline tests for evaluation
of the isothermal loss of DCA in the results section suggest an increase in DCA loss over
time in a vigorously vented condition from aqueous solutions at room temperature. Other
baseline tests suggest heating alone without opening of the outlet could increase the
diffusion loss of DCA. Hence a mass balance need to rely on pre- and post heating soil
analysis, not just using condensate.
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Figure 2-1
Elements in a sample assembly consisting of end caps, porous disks,
and clay sample. Internal temperature and pressure monitoring devices inserted through
the wall of the cell. (a) A curved stainless steel capillary tube sealed with stainless steel
wire soldered in place using silver solder at the tip and inserted into the clay center, a
sticky-sided silicone sheet was used to attach to Teflon tube outside surface. For
temperature monitoring, thermistor was enveloped inside with the two end leads soldered
to wires connected to data acquisition system (DAQ). If used for pressure measurement, a
side hole was open at the tip side. (2) A pipe to tube adapter with 10-32 thread was used
for rigid-wall stainless steel tube. It was directed used for pressure signal inside the rigidwall tube, and a silicone tube was connected to the adapter going to the DAQ. For
temperature, a straight stainless steel capillary tube passed through and fixed to the
adapter by epoxy. Similar to (a), the capillary tube was inserted into the center of the clay
specimen. (not to scale)
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Figure 2-2
Experimental apparatus being prepared for a test. (a) Flexible-wall cell
packed with clay. Red bands are silicone o-rings. (b) Flexible-wall cell with thermistors
inserted through Teflon. Red patches are silicone sheets with adhesive used to seal the
thermistors. (c) Rigid-wall stainless steel cell, with thread holes for thermistors or
pressure ports. (d) Rigid-wall cell wrapped with a strip heater and capped with sleeves to
retain end caps. (e) Pressurized chamber containing flexible-wall cell on the left, and the
rigid-wall cell on the right. Brown horizontal tube is a heat exchanger used to condense
steam from the rigid-wall cell. Condensate samples are collected at the outlet of
condenser.
2.3.3 Heating
The clay columns were wrapped with heating tape (SRT051-120, Omega, U.S.)
on the entire surface (Figure 2-2) and cartridge heaters (CSS-10120/120V, Omega, U.S.)
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were embedded in each end cap. The heating tape was always used, but the cartridge
heaters were omitted from some tests. Resistance temperature detector (RTD) sensors
(SA1, Omega, US) were attached to the surface of the cell underneath the strip heater at
three locations, top and bottom end caps and center of the cell. RTDs were used to
control the power input to the heaters with a maximum temperature such as 150 or 110
°C.
The heaters were controlled using a National Instrument data acquisition and
control system through a Labview interface [Chen et al., 2010]. This system modulates
the power output by controlling the duty cycles of the power to the heaters. This allowed
the heaters to be run at constant power, or the signal from the RTDs could be used to
control the temperature of the heaters. The typical approach was to warm the cell using a
constant power input until the temperature reached a certain value, then the control
system would modulate the power to maintain a constant temperature at the RTDs. The
duty cycles of the end cap heaters, if they were in use, were adjusted manually to
maintain a uniform heating.
Micro-thermistors (10K3MCD1, Measurement Specialties, US) were used to
monitor the inner temperatures of the cells. The micro-thermistors (0.46 mm diameter)
were encased in thin stainless steel capillary tubes and pushed through the walls of the
cells so the thermistors resided along the center axis of the clay cylinder (Figure 2-1).
The flexible-wall cell used a capillary tube 0.7 mm diameter that was pushed through the
Teflon sleeve and sealed with a patch of silicone (Figure 2-1a). The silicone patch had a
sticky side that was attached on the Teflon tube and the capillary tubing was inserted into
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the clay by poking a hole on the patch. The tubing was curved outside of the Teflon tube
so that the thermistor inside was not pulled out. The rigid-wall cells used a slightly larger
tube 1.27 mm (0.05”) soldered (or epoxied) to an o-ring fitting (pipe-to-tube adapter,
McMaster Carr) with a 10-32 thread that could be sealed in the wall of the cell (Figure 21b). The inner end of the capillary tube was sealed with a stainless steel plug (a tiny
piece of thin wire) and the thermistor sensor was placed inside next to the plug. The
thermistor could move freely within the capillary tube, to reduce distortion caused by
differential thermal expansion (the suspected cause of inconsistent temperature
measurements from thermistors completely epoxied into capillary tubing). The two leads
from the thermistors came out of the capillary tube (Figure 2-1a) and were soldered to
wires that extended through a pressure seal and connected to the data acquisition system
(PCI-6220,6602, SCXI-1000, National Instrument) controlled by a Labview program.
The solder joints and the part of the adapter were protected using adhesive-lined heat
shrink tubes (McMaster Carr). As many as 10 thermistors were deployed along the
length of the cells. These thermistors are fragile, so sufficient temperature signals could
be obtained with extra amount of thermistors embedded.
The developed technique for micro-thermistors protected in a curved stainless
steel capillary tube inserted into the clay center (Figure 2-1a) was successful when
applied to the sandstone core in the flexible-wall Teflon sleeve [Chen et al., 2010],
however, the soft clay deformed when the Teflon contracted and it was difficult to
maintain a reliable seal throughout the duration of the tests. As a result, most of the tests
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used intact Teflon sleeves without internal thermistors to eliminate this potential source
of leakage.
After attaching the heaters and temperature sensors, the assembly was encased in
fiberglass insulation (Figure 2-2). The insulation was approximately 5 cm thick along the
length of the flexible-wall cell. This was the maximum thickness of insulation that could
be contained in the pressure cell (Figure 2-2). Additional insulation, approximately 10
cm thick, was wrapped around the rigid-wall cell.
Pressure was monitored with a gauge attached to the upper end cap during all
tests, and a data logging transducer was used in some cases. Pressure was also logged as
a function of time at several points along the length of the cell, and at the lower end cap
during several tests. The transducers were attached to fittings that were either open on
the inner wall of cell (Figure 2-1b), or that included a stainless steel tube that extended to
the center of the clay sample (Figure 2-1a) with a side port open at the inner end.
The Teflon sleeve with end caps and heaters was placed in a sealed steel vessel
(15 cm or 6” inner diameter) that could be pressurized up to approximately 150 kPa.
Typically 100 kPa (15 psig) gauge confining pressure was applied. Wires and tubing
were passed through seals at the ends of the pressure vessel to apply power and acquire
data [Chen et al., 2010].
2.3.4 Test Procedure
A test was conducted by applying approximately 40 W (flexible-wall cell), or 150
W (rigid-wall cell) of power to the heaters. The clay was heated from room temperature
(20 °C) to above 100 ºC in ~2 h. When the temperature reached a predetermined value,
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the outlet valve was opened and fluid flowed out through the condenser and into a 50-ml
glass vial. When ~10 ml of condensate accumulated in the vial, the outlet valve was
closed and the vial was removed and sealed, weighed, and tumbled on a shaker for later
analysis. A new vial was put in place and the valve reopened. Temperature and pressure
were monitored as a function of time at a frequency of 1 Hz. Heating and sampling
occurred for several to more than 24 h, and then the heaters were turned off, the valve
closed and the clay allowed to cool. The cooled apparatus was opened the next day and
the clay was weighed, measured for dimension, and sampled for chemical analysis.
Outflow mass of condensate was recorded over time, and DCA in the outflow was
measured using a gas chromatograph equipped with a flame ionization detector (GC-FID,
HP5890 plus); details are provided below.

After GC measurement the condensate

samples were filtered through a 0.45 µm syringe filter and bromide concentration was
measured on an ion chromatograph (IC). The cumulative mass recovery was obtained by
integration of the collected outflow volume and the concentrations of DCA and bromide.
For some of the tests using the flexible-wall cell, the outlet valve was kept open
during heating or opened when the temperature approached to the boiling point because
of concerns that the internal pressure could exceed the confining pressure. A sample
bottle filled with 10 ml distilled de-ionized (DDI) water was put in place to trap DCA
diffusing or flowing in dissolved phase during heating. This sample was analyzed along
with the later collected condensate samples. The loss due to the open sample vials was
estimated using Henry’s law constant (dimensionless) of the DCA mass in the collected
condensate. Because the condensate displaced the same volume of air in the vial, so Cair
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disp/Caq=Mair/Maq

and this ratio, assuming an equilibrium of gas-liquid, equals to the

dimensionless Henry’s law constant, which is 0.04 at 24 °C [Chen et al., 2012; Falta and
Murdoch, 2011]. The condenser tube surface was maintained at 20-25 °C, so 4% is a
reasonable estimation for the maximum loss of DCA under equilibrium in the condensate
in the tests. When evaluating recovered mass normalized to the initial mass, Min, which
has a ~20% variation, larger than 0.04, the error propagation rules (see Table 2-6) show
the variation for Mrecovered/Min to be dominated by the variation of Min.
Mrecovered/Min was estimated to have a variation of ~20%.

Thus the

And the solid extraction

provided another estimation of the mass balance from pre-heating and post-heating mass
of DCA in the clay besides the recovered mass of DCA in the condensate. In addition, if
sampling lasted for more than 1 h, a new vial was replaced to reduce the loss from
sampling. This was done because it was found that calibration response factor was not
sensitive to the amount of aqueous sample filled in the vial (Appendix B).
2.3.5 Sampling
Solid and aqueous samples were collected. Clay was sampled before and after heating
and was analyzed for water content and DCA concentration.

Liquid condensate

(primarily water) were collected at the condenser outlet and analyzed for DCA and
bromide. Therefore both the mass as condensate and the mass remaining in the clay
could be evaluated. In the Berea sandstone test [Chen et al., 2010], the recovered mass in
the outflow alone gives an excellent mass balance with part of the outflow was sampled
in sealed vials during a heating test for DCA and the rest of the outflow was collected for
the cumulative outflow volume. The entire outflow from the clay was collected during a
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heating test for the recovered mass of DCA. Clay samples during packing were also
taken to measure the initial mass of the DCA. A steel tube was pushed into the clay to
obtain samples prior to testing, but after the test the clay was typically too hard to be
sampled with the push tube, so samples were obtained by breaking the dry clay into
fragments with a stainless steel spatula.
Gravimetric water content along the clay length was measured by oven drying at
105 °C overnight and cooling in a desiccator. The volumetric water content of the entire
clay could be estimated from the sample volume and change in weight after drying. The
volumetric water content in a water saturated status was determined from the initial
packed clay to be between 0.5 and 0.6.
DCA in the clay was quantified by two methods: a NaCl solution to salt out DCA
from clay to the headspace, and a methanol extraction (hereafter they are referred to
NaCl-method and MeOH-method, respectively.). The NaCl-method method was based
on USEPA method 5021A [USEPA, 2003]. Approximately cm-sized fragments (~7 g
each) of clay sample were placed in screw-capped 40-ml vial with Teflon-faced septa
containing 10 ml saturated sodium chloride solution (150 g NaCl in 500 ml de-ioned
distilled water).

The mixture was vigorously mixed using a vortex (VWR) for 15

seconds and placed on an orbital shaker (New Brunswick Scientific C10 platform model)
for 16 h at 115 rpm. After a brief centrifuge to remove solids stuck on the septa of the
vial cap, the headspace of the samples was analyzed by manual injection on GC-FID to
determine DCA concentrations. The methanol extraction method [Dincutoiu et al., 2003]
uses clay samples soaked in 10 ml methanol (Burdick and Jackson, HPLC grade) in
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sealed vials, votexed for 1 min and placed on a shaker at 300 rpm for 30 min and then left
at room temperature for 5 days to equilibrate. The methanol extract was exchanged into
1 ml hexane (Fisher Scientific, HPLC grade) containing 1,2-dibromoethane (EDB) as the
internal standard and the hexane sample was injected into a GC equipped with an electron
capture detector (ECD) using an autosampler [Dincutoiu et al., 2003].
Results from the two extraction methods were compared and shown to be similar,
but the NaCl-method is faster (~17 h versus 5 day), and slightly more sensitive to low
concentration DCA. For example, samples with low concentrations of DCA commonly
showed no peaks on GC-ECD when MeOH-method was used. Therefore the NaClmethod was used in all of the tests as the primary method, but the MeOH-method was
used to confirm results for quality assurance.
2.3.6 Chemical Analyses
Gas chromatography (GC) was used to analyze the DCA, and ion chromatography (IC)
was used to measure bromide concentration.

DCA in the outflow condensate was

analyzed by manually injecting headspace samples (500 µL) into a HP 5890 Series II
Plus GC equipped with an RTX 5 column (30-m x 0.53-mm x 1.5-µm film; Restek
Corp.) and flame ionization detector (FID). The injector and detector temperatures were
250 °C and 325 °C, respectively. The oven temperature program was 50 °C for 4 min,
increased at 10 °C/min to 80 °C, and held for 2 min. Helium (5 ml/min) was used as the
carrier gas and nitrogen (30 ml/min) was the makeup gas [Elango, 2010]. The GC
response to a headspace sample was calibrated to give the total mass of compound in that
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40-ml vial and assuming the headspace and aqueous phases were in equilibrium [Gossett,
1987].
The same GC equipped with an HP 7673 autosampler, ZB 624 capillary column
(30 m x 0.53 mm x 3.0 µm film; Zebron) and electron capture detector (ECD) was used
for MeOH-method extraction samples and low concentration NaCl-method samples.
Standards for methanol extraction were prepared for five levels of concentration of DCA
with EDB as the internal standard, from 0.063 to 1.24 mg/L (final concentrations of DCA
in hexane). The hexane extract was analyzed by injecting 1 µL into GC-ECD. A single
temperature program (40 °C for 5 min, ramped at 10 °C/min to 200 °C, hold for 2 min)
resolved DCA and EDB, with injector and detector temperatures set at 200 °C and 260
°C, respectively. Elution times for DCA and EDB were 13.2 and 17.0 min, respectively.
Helium (3 ml/min) and nitrogen (33 ml/min) served as the carrier and make-up gases,
respectively [Henderson, 2008]. The VOC concentrations after heating were lower than
before heating, so headspace gases were analyzed using the same GC-ECD except the
autosampler was changed to manual injection of 0.5 ml gas phase samples. For aqueous
samples, standards were prepared for six to ten levels of concentration, from 0.16 to
909.0 mg/L for GC-FID and 0.0086 to 0.34 mg/L for GC-ECD for manual injection of
headspace of 0.5 ml gas phase. For NaCl-method samples, standards were prepared for
six levels of concentration: 2.9 to 68.6 µg DCA/g clay (wet, as is) on GC-FID, and 0.095
to 0.96 µg DCA/g clay (dry) on GC-ECD. Three tests without end cap heaters for a
flexible-wall cell were conducted when the GC system changed its carrier gas from He to
high purity H2 (other parameters in the analytical method were kept unchanged) and a
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new calibration was made for this change for both aqueous samples and NaCl-method
solid samples. For aqueous samples, a 5-point calibration curve was prepared ranging
from 5.8 to 59.1 mg/L. For NaCl-method extraction samples, a 5-point calibration was
prepared 1.3 to 23.0 µg DCA/g clay (wet, as is) on GC-FID. Initial concentration of
DCA in clay for most of the test was ~15 µg DCA/g clay (wet, as is).
Bromide was measured on a Dionex AS50 ion chromatography system equipped
with a CD25 conductivity detector and a Dionex guard column (AG14, 4 mm×50 mm)
followed by an IonPac® AS14 anion-exchange column (4 mm×250 mm). Eluant (4.5
mM Na2CO3 and 0.8 mM NaHCO3) was delivered at 1.0 ml/min. Six-point standards
were prepared from 0.10 to 116.24 mg/L as bromide.
All the samples subject to GC were incubated for 16 h in an upside down position
on a shaker unless otherwise indicated. This equilibrium time was chosen because (1) the
fresh made clay was equilibrated for 16 h according to ASTM D698-07, (2) it was found
to reach equilibrium of gas-aqueous or solid-aqueous-gas systems of the samples, and (3)
it was used to streamline the manual GC analysis into the entire testing procedure from
preparing clay sample to heating and sampling.

The equilibrium times reported in

literatures are varied depending on the chemicals, instrument and method. To determine
the equilibrium time, samples were injected on GC for the second time to check if the
equilibrium was reached. A slightly lower or equal response would mean equilibrium
was reached for the first injection.

Almost all the samples after 16 h incubation

responded to a lower signal in the second injection, suggesting equilibrium was reached.
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Compared with the 16 h incubation, the several hours of sampling and analysis time that
differs between the first and last sample are insignificant.
2.3.7 Diffusion Loss Evaluation
Baseline tests were conducted to evaluate non-recoverable water/DCA loss due to sample
packing, 16 h equilibrium, or heating alone in the apparatus without allowing the outlet to
open. This was done to characterize the potential for spurious mass losses from the
system.
Test 1. Diffusion loss for DCA in aqueous solution and freshly made clay.
A DCA-laden water solution of 180 mg/L was distributed to several sample vials,
2 ml in a 10-ml vial. They were left in an open fume hood that was used for clay
specimen preparation. Over time, two vials were taken and capped with Teflon faced
septa. The capped vials were analyzed for DCA concentration on GC-FID after a 2-h
equilibration on a shaker. Similarly, freshly made clay was left in the hood and it was
sampled at different time for DCA and water content.
Test 2. Diffusion loss of DCA due to 16 h equilibrium.
A batch of clay made with the working solution containing 186.3±12.6 mg/L
DCA, was packed in two stainless steel columns.

One column (A) was sampled

immediately after packing. Nine samples were obtained with a push-tube sampler along
the length of the cylinder: 5 for NaCl-method and 4 for MeOH-method extraction. The
other column (B) was sampled after 16 h equilibrium. The number of samples and
methods of sampling were the same as the initial data set. Column B had threaded holes
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for temperature and pressure measurements that were sealed with blind nuts during the
test.
Test 3. Loss during heating alone without opening outlet.
Two clay columns were packed in the rigid-wall cells using the same freshly
made clay. After 16 h equilibrium, one column (A) was heated for ~7 h with 150 W of
power to a maximum of 150 °C while the other column (B) was at room temperature for
the same duration. The heating was shut down to allow cooling of column A for ~10 h.
Then both columns were dissembled and the packed clay was sampled to analyze the
water content and DCA levels. In this case, column A was the one with blind nuts
sealing the threaded holes and column B had no holes on the tube.
Another baseline test was conducted on two clay columns in the flexible-wall
cells. One column (A) was heated for ~7 h using 40 W power to max. 120 °C while the
other column (B) was under room temperature. Both flexible-wall cells were intact and
lacked any holes for temperature and pressure measurement.
2.4 RESULTS
Relevant results include findings from the baseline tests, along with data from an
example test that illustrates a typical data set, are provided in this section.
2.4.1 Baseline Tests
In all the following baseline tests, when two groups are compared, alpha is
assumed to be 0.05 (type 1 error) for Student’s t-test. The hypothesis is the two means
are equal. If the test has a p value less than 0.05 (one-tail) or 0.025 (two-tail), the
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hypothesis is rejected, i.e., the two means are statistically different; otherwise the
hypothesis is accepted that the two means are not significantly different.

Two-tail

comparison is used for the following tests.
Test 1. Diffusion loss of DCA from aqueous and solid samples was evaluated in
an active fume hood condition. The concentration of DCA in both the working solution
and the clay decreased as negative exponential functions of time when open to the active
convection condition (Figure 2-3a to d). Half-lives were approximately 40 minutes in
both cases, so concentrations were less than 1% of the initial concentration after
approximately 16 h of exposure (data not shown).
Water content in the clay samples also decreased, but at a much lower rate than
DCA. The water content was reduced by approximately 10 percent in 1 h (Figure 2-3c
and f) with a half-life of approximately 4 h (Figure 2-3f).
DCA concentrations in clay appear to become more uniformly distributed over
time as the variance between duplicates decreases with time using NaCl extraction
method (Figure 2-3b). This is further confirmed with Test 2. Water content shows an
opposite trend, with the triplicates becoming more scattered over time (Figure 2-3c).
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Figure 2-3
Diffusion loss of DCA in an open hood. DCA concentration in (a)
aqueous solution and (b) clay samples, and (c) water content in clay samples exposed in
an active fume hood for 1 h. (d) Normalized concentration and sample weight of aqueous
solution. (e) Normalized concentration in clay and clay sample weight. (f) Normalized
water content (the last point was deleted for a better fitting).
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Test 2. This test evaluated changes in water content and DCA concentration
during the 16-h between the time when the cell was packed and the heaters were turned
on. This equilibrium time is based on a standard test procedure for soil samples (ASTM
D698-07). The results indicate that the mean concentration decreases by approximately
18%, and the standard deviation between 5 samples decreases substantially over the 16 h.
The results are consistent using the two extraction methods, but the standard deviation of
the tests using methanol extractions were greater than those using NaCl extraction
(Figure 2-4 a and b).
The ratio between the mean concentration of DCA after 16 h using NaCl
extraction is 0.82 (±0.13), where the uncertainty is one standard deviation calculated
using error propagation (see Table 2-6). Although the mean concentration decreased, the
standard deviation is relatively large and the difference between the means is not
statistically significant for p=0.16.

Similar results were obtained using methanol

extraction, with the concentration ratio of 0.81 (±0.29) and p=0.53.
The decrease in means during the equilibration period suggests that some mass
may be lost, but there is enough variability in the measured concentrations so the
difference in the means may be due to chance.

58

μg DCA/g clay

12

a

8

4

0

time=0
time=16 h
Comparison before and after 16 h equilibrium

12

μg DCA/g clay

b

8

4

0
time=0
time=16 h
Comparison before and after 16 h equilibrium

Figure 2-4
DCA concentrations in a rigid-wall cell packed with clay and sampled
immediately (t=0) and after 16 h equilibrium using (a) NaCl-method and (b) MeOHmethod. Error bars are one standard deviation from n=5 (a) or n=4 (b).
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Table 2-2

Initial control

Analysis result for baseline Test 2 in rigid-wall with high power input
DCA (mg/kg wet clay)_
DCA (mg/kg wet clay)_
NaCl-method

MeOH-method

mean±s.d.

mean±s.d.

10.3±1.6 (n=6)

9.3±2.2 (n=4)

8.5±0.1 (n=5)

7.6±2.0 (n=4)

(during packing)
After 16 h

Test 3. This test was used to evaluate DCA loss during heating. The results show
that the mean concentration of DCA in a cell that is heated for 7 h with a closed valve are
less than those values in a cell that is operated in parallel but not heated for the same
duration. The concentration ratio for the rigid-wall un-heated cell to the control is 0.88
(±0.22, NaCl-extraction) or 0.73 (±0.27, MeOH-extraction).

After heating, the

concentration ratio dropped to 0.67 (±0.17, NaCl-extraction) or 0.58 (±0.12, MeOHextraction) (Table 2-3, Figure 2-5).

The heated one (A) is statistically significant

different using two methods compared with the initial clay concentration during packing
(Table 2-4).
Similar results were obtained from the flexible-wall cell (Table 2-5, Figure 2-6).
In this test, all the DCA concentrations were converted into dry clay basis for comparison
(Figure 2-6). The concentration ratio for the non-heated cell to the control is 0.78 (±0.16,
NaCl-extraction), and it is 0.70 (±0.15, MeOH-extraction) for the heated cell. Both cells
are significantly different from the control. The average concentration of the heated cell
is less than that of the unheated one, with concentration ratio 0.90 (±0.17, NaClextraction), or 0.90 (±0.18, MeOH-extraction). The difference between the means of
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heated and unheated is not statistically significant (p=0.23 and 0.44). The water content
of the two cells is not significantly different either (p=0.09).
In both cells, the packed clay weights were almost the same for A and B, 826 g
for rigid-wall cells A and B, and 905 g for flexible-wall cell A and B, so concentration
comparison can be served as mass comparison.
In Test 3, the statistical confidence in the difference between the means differs
with the extraction method. In some cases, data obtained by NaCl extraction were
statistically different between heated and unheated, whereas data using MeOH were not
statistically different (Table 2-4), and in other cases these two were not significantly
different using both extraction methods (Table 2-5). In most cases, data of heated and
unheated were significantly different from the initial control (Table 2-4 and 2-6).
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n=6 for during packing and n=10 for each cell
30

a. NaCl-method

μg DCA/g clay
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5
0
During packing (control)

unheated
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n=6 for during packing and n=10 for each cell
25

μg DCA/g clay

b. MeOH-method

20
15
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5
0
During packing (control)

unheated

heated

n=5 for each group
0.48
c. water content

Water content

0.47
0.46
0.45
0.44
0.43
0.42
During packing (control)

unheated
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Figure 2-5
DCA and water contents in a heated rigid-wall cell (Cell A) and an unheated cell (Cell B) run for the same time as the heated cell. The control was the clay
sampled during packing into the two cells. DCA concentration was measured by (a)
NaCl-method and (b) Methanol extraction. (c) Water content in clay. Error bars are one
standard deviation.

62

Table 2-3

Analysis result for baseline test 3 in rigid-wall with high power input
Gravimetric water DCA (mg/kg)_
DCA (mg/kg)_
content

NaCl extraction

MeOH extraction

0.468±0.004 (n=5)

21.99±3.78 (n=6)

20.35±2.07 (n=6)

Cell A (heated)

0.456±0.014 (n=5)

14.78±2.65 (n=10)

11.72±2.03 (n=10)

Cell B
(not heated)

0.464±0.007 (n=5)

19.43±3.56 (n=10)

14.84±5.37 (n=10)

Initial control
(during packing)

Table 2-4
Statistical comparison for baseline test 3 in rigid-wall (two-tail, t-test)
DCA comparison
Initial clay
Cell A
Cell B
(during packing)

(heated)

(not heated)

Initial

NaCl: p=0.002

NaCl: p=0.19

(during packing)

(significantly diff.)

Cell A (heated)

MeOH:

p=1e-5

NaCl: p=2e-5

(significantly diff.)
Cell B

MeOH: p=0.01

(not heated)

(significantly diff.)

(significantly diff.)
MeOH: p=0.13
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n=6 for each group
25

μg DCA/g dry clay

a. NaCl extraction

20
15
10
5
0
During packing (control)

unheated

heated

n=5 for each cell
20

μg DCA/g dry clay

b. MeOH extraction

16
12
8
4
0
unheated

heated

n=4 for each cell
0.42
c. water content

Water content

0.41
0.4
0.39
0.38
0.37
0.36
unheated

heated

Figure 2-6
DCA and water contents in a heated flexible-wall cell (Cell A) and a
non-heated cell (Cell B) run for the same time as the heated cell. The control was clay
sampled during packing into the two cells. DCA concentration was measured by (a) NaCl
-method and (b) Methanol extraction. (c) Water content in clay. Initial clay sample was
not enough for MeOH extraction. Because of the water content difference, the
concentration of DCA was converted to dry basis for the comparison. Error bars are one
standard deviation.
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Table 2-5
Baseline test 3 in flexible-wall with low power input
Cell A
Cell B
No. Parameter
(heated)
(non-heated)
1
2
3
4
5
6
7
8

9
10
11
12

13

14

Packed clay weight (g)
Weight loss after test duration
Water content
(water wt/dry clay wt)
Clay during packing
(mg/kg wet clay)
Clay during packing
(mg/kg dry clay) 5=4×(1+3B)
DCA
NaCl
(mg/kg wet clay) extraction
MeOH
extraction
NaCl
DCA
(mg/kg dry clay) extraction
6,or 7×(1+3)
MeOH
extraction
Initial DCA mass, Min (mg) 2×4
Mass remaining after test (mg)
5 or 6 ×(1-2)
Avg. DCA concentration in
outflow from releasing pressure
buildup during heating (mg/L)
Mass recovered from releasing
pressure (11×2), assuming all wt
loss is from water loss.
(Mass recovered+mass
remaining)/Min =11+13

t-test
(two-tail)
for A and B

902
907
1.8% (16.2 g) 0.2% (2.2 g)
0.39±0.01
0.41±0.002
p=0.09
(n=4)
(n=4)
14.0±2.2 (NaCl-extraction only)
19.7±3.1 (control)
9.0±2.8 (n=5)

10.9±1.3 (n=6)

9.4±1.6 (n=6)

10.2±1.2 (n=5)

13.9±2.0
(p=0.01 for A
and control)
13.0±2.1

p=0.23
15.4±1.9
(p=0.02 for B
and control)
14.3±1.7
p=0.44

12.621
8.850
(70% Min)
66

12.687
9.865
(78% Min)
30

1.063
(8.4% Min)

0.065
(0.5% Min)

78.4%

78.5%

Summary of Findings. The baseline tests demonstrate the experimental difficulties
encountered when working with volatile compounds. It is clear from Test 1 that the
initial concentration of neither the working solution nor the clay could not be used to
establish the initial DCA mass in the clay specimen. Instead, samples of the clay were
obtained as the clay was packed in the cell in order to determine the initial DCA mass,
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Min. In later heating tests, most of the tests have only one cell to pack and hence the
working time is shortened to about half of the baseline test and less loss would be
expected.
According to Test 2, approximately 20% (±15%) (mean±s.d.) of the initial mass is
lost in the 16 h that was used to allow the packed clay to equilibrate (based on ASTM
D698-07). Similar results were obtained for unheated samples during Test 3, and the
mass loss increases to approximately 40% (±10%) (mean±s.d.) of the initial mass when
the sample is heated for the half of the equilibrium period.
Some of the variability in the measurements is due to the sampling and analytical
methods, particularly the extraction method.
The cells were tested for physical leaks before packing using compressed air up to
2 atm (30 psig) and they were tight, so the mass loss presumably occurred by diffusion.
Considerable effort was made to use materials with low diffusivity while maintaining
service at elevated temperatures. It was surprising that a larger fraction of mass was lost
in the rigid stainless steel cells than in the flexible Teflon cells. One explanation is that
the stainless steel tube contained holes that were sealed with fittings with silicone o-rings
and it is possible that diffusion occurred through the silicone o-rings. Other possibilities
may include the adsorption of DCA to clay, the initial samples at time=zero may not be
representative.
Values characterizing losses can be used to estimate mass losses to be expected in
the mass balance calculations. However, the baseline tests probably serve as a worst-case
scenario. The cells were heated without opening the valve in the baseline tests, which
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elevated the pressure compared to the mass recovery tests in the experimental program.
This would have caused the rate of loss of steam and DCA from the baseline tests to be
greater than during the experimental program.

Moreover, the baseline tests heated

samples for 7 h, whereas some of the heating tests recovered all the DCA in less than 2 h.
The mass loss is likely a function of time, so the shortened heating time would have
reduced the mass loss, but unfortunately it can also introduce additional problems, such
as a fast pressure buildup during warm up stage. Intact tubes without holes for both
rigid-wall and flexible-wall were used whenever possible.
The mass of water loss and the variability of water content during the tests are
minor compared to DCA. Water loss and variability are both less than a few percent in
all the tests (Table 2-3 and 2-5). Apparently water was unaffected by the mechanisms
responsible for the loss and difficulty of sampling DCA.
All the data sets from measuring DCA and water content in the three baseline
tests also provided estimations for the variation of each of the measurement: aqueous
solution, clay extraction, and clay water content. The aqueous solution measurement
shows a coefficient of variation, or relative standard deviation (RSD) of 1-9%; the RSD
for clay extraction ranges from 2% to 36%, and water content has a least RSD of 0.4% to
3%. Hence I would expect the extraction method in the test to have an average variation
of ~20% (the mean of the 2% to 36% data set), which would propagate to the estimated
initial mass before heating.
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2.4.2 Heating test
The testing program consists of approximately twenty tests conducted on clay materials.
One of the tests was selected to demonstrate typical behavior using the developed
method. The example (Table 2-6) used a rigid-wall cell heated with a ribbon heater
operated at 150 W and cartridge heaters operated at 10 W during initial heating. Power
to the heaters was modulated after the external temperature reached a set point of 150 C
after approximately 1.3 h when the outflow valve was opened and condensate recovered
for the next 5.3 h.
Table 2-6
Cell type

Operation conditions for the example test
Rigid-wall

Applied power

170 W (150 W main heater and two 10 W
end cap heaters)

Maximum set temperature
(surface of stainless steel tube)

150 °C

Time to heat to maximum temperature

1.3 h (when outlet was opened)

Internal temperature at 1.3 h

130 °C

Total time of heating

6.6 h

Weight loss/pore water

103% (±5%)

Total outflow collected/pore water

104% (±5%)

DCA mass remaining (Mrem/Min)

0.3% (±0.1%)

DCA mass recovered (Mout/Min)

90% (±15%)

Mass balance. The example test consists of heating a rigid-wall stainless steel cell for 1.3
h to warm it to 130 °C (internal temperature) and then maintaining a constant external
temperature for approximately 5.3 h. Water and DCA in clay were measured before
(during packing) and after heating to establish the initial mass and remaining mass of
water and DCA.

The removal fractions of water and DCA were estimated with

uncertainties (s.d.) from the measurement values (Table 2-7). The average initial water
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content (g/g dry) is 0.4 and pore water is estimated to be 235 ml using gravimetric water
content and initial weight of sample. This pore water volume and the total volume of
sample gave a porosity of 0.52. The average DCA concentration before heating was
15.3±2.0 mg DCA/kg dry clay (or µg/g) (n=4) using NaCl extraction.
The initial DCA mass was 8.53±1.11 mg, using the average DCA concentration
and initial weight of wet clay, 791.9 g. The final DCA mass was determined from the
average final concentration. This concentration was 0.048±0.027 mg DCA/kg clay (dry)
(n=5) using NaCl-method, whereas it was not detected using MeOH-method (setting a
mean retention time with ±0.3 min window on GC-ECD response). Therefore, using the
value from NaCl extraction to be conservative, the mass of DCA remaining in the clay
after heating was 26.8±13.6 µg. This means that the mass of DCA removed from the clay
is more than 99.5% of the initial mass. The remaining small amounts of DCA and water
were relatively uniformly distributed along the length of the clay cylinder (Figure 2-7).
Water and DCA mass recovered, 103% and 90%, respectively, were obtained
from the collected outflow during heating. All the pore water was recovered in the
collected outflow water (collected outflow=1.04×pore water). Water loss was estimated
independently by measuring the change in weight of the cell during the test, which also
indicated a complete water recovery. It is possible that water could be lost through leaks,
which would cause the change in weight of the cell to be greater than the weight of the
recovered water, so the similarity in these two values confirms that the cell was tightly
sealed (Table 2-6). DCA and bromide were measured for outflow samples and the mass
was estimated from sum of the mass in the sample vials.
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Recovery response. The outflow in the test is characterized by a sharp pulse of relatively
rapid flow followed by a gradual decrease in flow until the test is complete (Figure 2-8a).
The initial pulse starts as soon as the valve is opened (at t = 1.3 h) and lasts for
approximately 16 minutes, reaching a maximum flow of 326 ml/h in less than 10 min.
After the initial pulse is over, the flow drops from 70 to 7 ml/h over 5 h. The experiment
produced a total of 244 ml of water, which is essentially the same as the estimated pore
volume of the clay matrix (234 ml) (Figure 2-8b).
About 90% of the total mass of DCA (7.7 mg) was recovered in the first 20 min
after the valve was opened and then the concentration dropped to nearly zero (Figure 2-7c
and d). The total fraction of recovered DCA is 0.90 (±0.15), and this occurred after less
than 80 ml, or 0.3 of the estimated pore volume of water was removed (Figure 2-8d1).
This rapid recovery occurred because the concentrations in the recovered water were
considerably greater than the initial concentration estimated in the pore water in the clay.
The ratio of the concentration in the outflow to the concentration in the clay, Cout/Cin,
ranged up to 12 during the rapid outflow at the beginning of the test (Figure 2-8c1)
The bromide, along with some other ions, was present in the first two samples
(8% of the pore water). Only bromide and chloride was quantified because the two ions
were present in the degassed water used to make the clay sample. Bromide was added to
the water and chloride was the background level in the water. Bromide and chloride
concentrations decreased sharply and they were essentially absent from the remaining
outflow. The turbidity and electrical conductivity were also relatively high in the first
two samples, and decreased after that (Figure 2-9). This is typical for all the heating tests
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using clay. Bromide was absent in the clay, but was added as a non-volatile tracer to the
water used to hydrate the clay powder. Chloride was also present in the water, but the
total mass of recovered chloride is approximately twice the Cl mass added in the pore
water, indicating some Cl was derived from the clay. The ions were not measured for the
remaining mass, which was assumed to be the initial mass in the pore water excluded the
recovered.

Table 2-7

Summary of DCA and water content of the example test
Clay
DCA Conc.
Water content
DCA
weight (g)
concentration
NaCl-method
(mass of pore
water/mass
of dry
(dry base)
(mg DCA/kg clay
clay)
as is)
(mg DCA/kg
dry clay)

Before heating

791.9

Cin 10.75 ±1.40

0.42±0.003

15.28±1.99

After heating

547.5

Cdry 0.048±0.024

0.01±0.002

0.048±0.027

Initial mass, Min (mg)

8.5±1.1

Mass remaining, Mrem (mg)

0.027±0.013

Mass recovered, Mout (mg)

7.7±0.7

Mass recovered, Mout/Min

90%±15%

Mass removal rate from clay (dry basis): 1- Mrem/Min

99.7%±0.2%

a

The ±value is the relative standard deviation (RSD). Error propagation is used to
estimate the RSD for calculated values based on measured values:
       
for y=f(u,v) and assuming u and v unrelated suv=0 (Weisstein, Eric W. "Error Propagation."
From MathWorld--A Wolfram Web Resource. http://mathworld.wolfram.com/ErrorPropagation.html )
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Figure 2-7
Water and DCA profiles along the length of the rigid-wall cell: (a)
Water content in linear scale, (b) DCA concentration in linear scale, (c) Water content in
log-scale, and (d) DCA concentration in log-scale. Filled circles are before the heating
test, open circles are after heating, DCA are using NaCl-extraction, filled diamonds are
using MeOH-extraction, and no DCA was detected after heating. Error bars are standard
deviations, which are invisible when they are smaller than the symbols.
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Figure 2-8
Time series of key variables during the heating test. (a) Outflow
condensate flow rate, (b) cumulative outflow volume, (c) DCA and Br- concentrations in
outflow normalized to the initial concentrations, and (d) cumulative mass of DCA and Brnormalized to the initial mass. The right column (a1) to (d1) show the data plotted as a
function of the volume fraction of pore water removed. Error bars are one standard
deviation. Two lines bounded the period when the outlet was opened and DCA recovery
completed.
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utflow samples from the test. (a) The rightmost bottle contains turbid
Figure 2-9
Outflow
water obtained when valve was first opened. The other bottles contain clear water and
with few ions and low electrical conductivity. (b) Ion concentrations and electrical
conductivity as functions of time. Water mixed with clay contained 520±1 mg/L Br- and
7.5±0.1 mg/L Cl-, and electrical conductivity was ~300 µS/cm.
Temperature and pressure. The temperatures and pressures were monitored along the
clay length (Figure 2-10). The rigid
rigid-wall cell was heated using a ribbon heater
hea wrapped
around the cell and two cartridge heaters in the end caps. The ribbon heater was operated
at 150 W to initially heat the cell, and then the power was modulated to approximately 70
W to maintain constant temperature of 150 °C on the outside of the cell (Figure
Figure 2-11c).
Two cartridge heaters were operated at ~10 W a piece in the end caps to compensate for
heat losses while warming the cell. The cartridge heaters in the upper end caps were shut
down because they were unnecessary to maintain tempe
temperature
rature at the set point. Cartridge
heaters in the lower end cap received power throughout the test.
The pressure and temperature increased from ambient (0 Pa and 20 °C)
° to boiling
conditions (T>100 °C)
C) in about 1 h with the input power cycles
cycles. The pressures
sures increased
to 70 kPa (~10 psi) and temperatures from 20 °C up to more than 100 °C during 0<t<1.3
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h.

The surface temperature at t=1.3 h was approximately 150 °C and the internal

temperature was about 130 °C (Figure 2-11b), which is higher than the boiling
temperature (~116 °C) at 70 kPa.
When the outlet valve was opened, both pressures and internal temperatures
dropped and fluctuated over a saw-tooth pattern around 0 Pa (with a magnitude of 0 to 50
kPa at different locations) and 100 °C (with a magnitude of 3 °C) during 2<t<4 h. The
saw-tooth pattern corresponds to the filling of each sample bottle. The pressures abruptly
dropped to below atmospheric pressure when the evacuated sample bottle was put in
place, and they steadily increased as the bottle filled with condensate. Temperatures
follow the pressure with fluctuations of ±3 °C around 100 °C (Figure 2-11a and b).
The mean temperature at the upper thermistor increased at approximately t=4 h,
rising to the external temperature of 150 °C over the next couple of hours. This was
followed by a similar response in the second thermistor a few tens of minutes later, and it
occurred at the next underlying thermistor soon after that. Eventually, the thermistors all
heated up in sequence from top to bottom along the cell (Figure 2-11b). Interestingly, the
pressure and temperature still respond to the sampling events, even when the mean
pressure was increasing (Figure 2-12b).
The sequential increase of mean pressure and temperature is inferred to be a result
of the drying of the clay. The latent heat would be negligible when the clay became dry,
so the data suggests that the clay dried first at the top and the dried zone progressed
downward along the cell over approximately 2 h. This is consistent with the findings of
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Chen et al. [2010]. The surface temperatures remained roughly constant at the set
maximum heater temperatures, 150 °C, until the power was shut off (Figure 2-11b).
The DCA recovery was completed in a narrow window from t=1.3 h of the first
outflow sample to t=1.7 h before the seventh outflow sample. The pressures fluctuated
and the internal temperatures had a general drop of about 30 °C in this period (Figure 212a and b). This period was relatively short, less than 30 min and it occurred before the
more stabilized period of regularly fluctuating pressures and temperatures during 2<t<4 h
(Figure 2-12a and b).
The relationship of pressure and internal temperatures during the test can be
compared with the pure water boiling temperature and vapor pressure. For example, the
DCA recovery window is divided into two periods: the early period appears as a super
heated steam (Figure 2-12c) and moved to the theoretical boiling state at later periods
(Figure 2-12d).
Pressure response to heat affected the operational conditions of the developed
method. It is found that pore pressure increases for undrained conditions and contraction
of clay occurs for drained conditions [Graham et al., 2001]; volume change of
contraction is accelerated by heating [Towhata et al., 1995]. The buildup of pressure at
undrained for the flexible-wall cell in the warming up stage was found to easily exceed
the applied confining pressure. An increased confining pressure would increase the
buildup of pore water pressure. Thus a lower power input and lower surface temperature
were used for the flexible-wall tests (described in method and also in Chapter 3).
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HeatEx
Seven locations for
internal temperatures T7 to
T13:

T13 (z=0 cm)
T12 (z=-1 cm)

z=31 cm (p1)
z= ~2cm (top end cap, surface T3&T6)
z=0 cm (top, as reference)
z=-0.5 cm (p2)

T11 (z=-4 cm)
T10 (z=-7 cm)
T9 (z=-11 cm)
T8 (z=-16 cm)
T7 (z=-18.5 cm)

z=-9 cm (p3)

Four locations for
core pressure P1 to
P4 and three
locations for surface
temperatures with
duplicates for
each(T1 to T6,
among which T1
toT3 were used for
controlling the strip
heater on the surface
and the two end cap
heaters)

z= ~-12 cm (center, surface T1&T4 )
z=-24 cm (bottom, p4)
z=~-26 cm (bottom end cap, surface T2 &T5)

Figure 2-10
The locations of temperature and pressure measurements in the
cylindrical clay specimen (not to scale), with the top of the sample as z=0.
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Figure 2-11
(a) Pressure and (b) temperature as functions of time and location along
the cell. (c) Power input to the heaters and (d) surface temperature of the cell at different
locations. Times when the outlet valve was open, the DCA recovery completed, and the
power turned off as indicated on all plots.
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Figure 2-12
Blow-ups of (a) Pressure and (b) internal temperature signals during the
example test. The outlet valve was opened and DCA recovery completed at the indicated
times. Fluctuations in P and T correlate with changing the sample bottle. (c) Temperature
as a function of pressure in 7 min after opening the outlet valve, and (d) T versus P in
next 18 min before DCA has been recovered. Purple dashed line shows boiling P-T using
Clausius–Clapeyron equation [Tong et al., 2010].
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Power and energy. The energy balance consists of input from the heaters, output from
heated water, and energy consumed as latent heat. Average temperatures during recovery
remained roughly constant (Figure 2-11c), so it is assumed that the power produced
during recovery was only from the latent heat released when the outflow condensed. As
a result, the power produced from the experiment (Figure 2-13) is proportional to the rate
at which condensate is produced (Figure 2-8a). Note that it is assumed that boiling was
occurring during outflow because the water lacked bromide and contained elevated
concentrations of DCA (Figure 2-8c).
The produced power increased sharply and peaked at approximately 200 W, then
it dropped sharply to approximately 50 W during the first 30 minutes. This pulse of high
power corresponds to the time when essentially all the DCA was produced.

The

produced power decreased from 50 W to 20 W at t=4 h, and it continued to decrease until
the test was terminated.
For comparison, the power input to the heaters was approximately 150 W during
initial heating, but it was decreased to ~70 W to maintain temperature during recovery. It
appears that the power applied to the clay is significantly less than that applied to the
heaters. For example, approximately 40 W is required to heat the mass of clay in the cell
from 20 to 130 °C during 0<t<1.3 h (Figure 2-13). This baseline power is shown as a
thick line in Figure 2-13.
The implication is that the initial pulse of high flow of condensate produced
power at several to as much as 5 times greater rates than was being applied to the clay at
the time. Apparently this occurs because energy stored as sensible heat in the clay and in
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the steel cell and end caps could be quickly converted to latent heat when the pressure
was dropped and boiling commenced. This latent heat was then released when the vapor
was condensed.
Deformation. The clay was dried to a hard, dry cylinder cut by several large fractures
and many small ones. The diameter of the cylinder was approximately 4.90 cm (reduced
from an initial diameter of 5.08 cm), indicating a volumetric strain of approximately 0.07
assuming the length remained the same. This is a typical volumetric strain for clay
specimens after heating observed from the tests conducted in this study. The annular gap
present at the end of the test was more than 1 mm. Cracks are visible on the surface
(Figure 2-14). Through-going fractures cut the cylinder normal to its axis into a few 5
cm to 10 cm long pieces, but continuous axial fractures were absent.
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Figure 2-13
Power and energy as functions of time or fraction of pore water
removed assuming the outflow condensed from water vapor. (a) Power (left axis) and
power density (right axis), (b) energy consumption as functions of heating time. (a1) and
(b1) are power and power density, and energy consumption as a function of fraction of
pore water removed. Two vertical lines bound the period when the outlet was opened and
DCA recovery was completed.

Figure 2-14
Top of open cell after heating, showing gap between the tube wall and
the clay and axial fractures on the surface of the clay.
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2.5 DISCUSSION
Experiments designed to recover volatile compounds dispersed at low concentrations in
hot, low permeability porous media face significant challenges that were addressed by
techniques described in the previous pages.

Closing a mass balance is a basic

requirement, and it proved to be particularly problematic because it depends on several
aspects of the experiment. The benchmark tests showed that mass was lost continuously
as soon as the DCA solution was made. It was lost so quickly from the solution that it
was necessary to obtain samples of the clay during packing of the cell in order to obtain a
reasonable estimate of the initial mass. Additional losses occurred during the equilibrium
period and during heating, apparently as a result of diffusion out of the cells. The
magnitude of this loss was time dependent, so it could be reduced by shortening the
equilibrium and heating times. However, reducing the time to heat the cell required
increasing the power of the heater and this presented its own challenges. A high power
heater will create high temperature gradients, with the clay near the heater warming much
faster than the clay in the center of the cell. The high temperatures will result in high
pressure, which could lead to failure of the flexible-wall cell. Accommodating a higher
power heater that could reduce the time of the experiment and thereby reduce spurious
mass losses is one of the reasons the rigid-wall cell was developed.
The baseline tests indicate that mass lost during equilibrium was approximately
20%(±15%) and mass loss during heating was 40% (±10%). These values provide
guidelines to include the preliminary stages of the experiment in an overall mass balance,
but they probably over-estimate the losses in many experiments. The benchmark heating
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tests were conducted in a closed cell, so the pressure was higher than in the experimental
cells that were open to the atmosphere during recovery. Moreover, mass was recovered
during many of the experiments in less time than the baseline tests. Both of those factors
would cause less mass loss than expected from the baseline tests. This is borne out by
results from the suite of experiments, where mass losses appear to be in the range of 10%
to 30%.
Measuring mass remaining in clay was an important component of the mass
balance for the general suite of experiments because many of them were terminated early
when the DCA was only partially removed. Two extraction methods were used to
evaluate the DCA in the clay in order to avoid bias and reduce analytical error. The
coefficient of variation of samples extracted using saturated NaCl solution was typically
0.15 to 0.20.

Methanol extraction produced results with more variation than NaCl

extraction in many cases, and small concentrations of DCA could not be detected at all
using methanol extraction but they could be measured using NaCl extraction. As a result,
both methods were used for many of the tests. The two methods for the initial DCA
concentration gave fairly comparable results though most cases a little bit lower values
using the MeOH-method.
Uncertainty with mass recovery is mostly related to assessment of DCA in clay
rather than in water collected in vials. For example, in baseline Test 1, all the duplicates
of aqueous samples showed a coefficient of variation ranging from 1% to 9% whereas the
clay samples showed a coefficient of variation of 2% to 18% (NaCl-method). Therefore
when using error propagation to estimate the recovered mass in the water over the initial
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mass, the variation of extraction method dominate the uncertainty of the calculated
values.
Most of the tests conducted with a flexible-wall cell used a vented sample bottle
to reduce the oscillations in temperature and pressure that occur with the sealed bottle
(e.g., Figure 2-12). Venting the bottle causes air to be displaced as the vial is filled with
water. The worst-case scenario is that the air is in equilibrium with the water, which
would result in a fractional mass loss equal to the dimensionless Henry’s Law coefficient,
which is 0.04 for DCA at room temperature [Chen et al., 2012; Falta and Murdoch,
2011]. Even with the venting, many samples accumulated in half to 1 h for each vial in
the flexible-wall cell tests, longer than 1 h, the sample bottle was replaced with a new
one. So assuming 1 h is enough for a full equilibrium, losses by this mechanism are
probably about 4%.
The suite of methods developed to assess the distribution of mass was capable of
closing a balance within estimated uncertainties in most experiments (Table 2-8).
Exceptions occurred when developing or refining experimental methods led to unusual
large losses, probably because of small leaks in the cell. Data from these tests were not
used in the evaluation.
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Table 2-8
Summary of methods and associated uncertainties when characterizing
mass balance in the experiments
DCA mass in
Sampling
Analysis
Uncertainty
clay initial Push tube

NaCl and MeOH

15% ±10%

extraction
DCA mass out
outflow
vial
diffusive loss baseline

DCA mass stored
in clay grab

Headspace
NaCl and MeOH

5% ±4%
20% ±15%(unheated)

extraction

40% ±10% (heated)

NaCl and MeOH

20% ±10%

extraction

2.5.1 Cell Design
Two types of cells were developed to provide versatility and maximize
performance at elevated pressure and temperature. The basic designs are patterned after
the rigid and flexible wall designs used in permeameters (e.g. ASTM D5084-03 and
D5856-95), and some of the relative merits of the two designs are similar to those of
permeameters. The rigid-wall cell is relatively simple to operate and sensors can be
sealed in the wall of the cell to provide data from the interior. This cell can withstand
higher pressures than the flexible-wall, so it is better suited to tests involving higher
power, more rapid heating, and higher temperatures, which result in higher pressure.
The disadvantage of the rigid-wall cell is that the stress applied to the media
cannot be controlled.

The clay is packed into the cell, so it is probably under

compression initially. The state of stress will change as water is removed, however, and
this could affect the effective permeability. Preferential flow along the wall of rigid
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permeameters is widely recognized (e.g., [Inyang et al., 2000]), and this likely occurred
in the rigid-wall cells as the clay dried and shrank. Indeed, millimeter-scale gaps were
observed between the permeameter wall and the clay when the cell was opened after clay
was completely dried (Figure 2-14).

It is unclear when this gap formed, however.

Pressure drop at the bottom end to 0 Pa was not accomplished in the first ~16 min of the
experiment after the outlet was opened (Figure 2-12), so it seems likely that the gap along
the wall in Figure 2-14 formed or completed later. This is important because it means
that the rapid recovery of DCA during the first 16 minutes was probably not related to the
gap along the wall.
The flexible-wall cell has the advantage of maintaining an elevated radial stress
on the clay. The cell is created from a Teflon heat-shrink tube, 0.5 mm (0.02 inch) thick,
contained within a pressurized chamber. The Teflon tube is compliant enough to transmit
the confining pressure, but it is resilient enough to resist damage while being packed with
clay.
The confining stress on the clay resulted both from the confining pressure in the
chamber and the stress created by heating the Teflon tube. The Teflon tube was a type of
Shape Memory Polymer, which contracts up to approximately 85% (diameter) when
heated. I filled a Teflon tube with water and heated it using the ribbon heater in the
pressurized cell. The pressure of the water increased to approximately 70 kPa (~10 psig)
above the confining pressure. This indicated that the total stress on the clay sample was
probably greater than the applied confining pressure because the shrink tube also
contributed to the load. The magnitude of this extra load is difficult to assess, however,
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because it will be sensitive to the maximum temperature as well as the initial stress
created during packing.
The flexible-wall cell was more cumbersome to use than the rigid-wall cell
because it had to be contained within the pressurized chamber. The experiment required
accessing the cell with many wires and tubes, and all of them had to pass through a
pressure-tight seal in the chamber, which increased the complexity and time requirements
for the tests. An upper limit of confining pressure of 100 kPa (15psig) was applied in the
flexible-wall test and it corresponds to a 120 °C boiling temperature of water. This
temperature is the upper limit for the thermistors.

Exceeding this pressure could

potentially deform or fail the Teflon membrane. This pressure limit meant that the
flexible-wall cell was only used during experiments with relatively low applied power,
which limited the maximum temperature and pressure, and it extended the time required
for heating.
Options for sensing through the Teflon cell were limited because deformation of
the cell wall compromised the seal around the sensor.

As a result, the cell was

increasingly vulnerable to leaks as an experiment progressed. This required that tests
with sensors be conducted separately from tests where DCA was recovered. The Teflon
cell was previously used with Berea sandstone, which remained rigid and the seals along
the sensors remained intact during experiments [Chen et al., 2010].
The seal between the end caps and both the rigid and flexible cells was
particularly important to the success of the experiments, and particularly challenging.
Two silicone o-rings were used to seal the end caps in the rigid wall cell, and they were
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also used to seal the temperature sensors in the wall of the rigid cell. Silicone is wellsuited to the temperature range of the experiments. I was concerned that DCA was lost
by diffusion through the silicone at high temperatures, so I evaluated other hightemperature o-ring materials, such as Teflon and Teflon coated Buna-N (McMaster Carr).
O-rings of those materials were more rigid thus difficult to use, but had little effect on the
mass balance (data not shown), so we continued to use silicone o-rings. We initially used
silicone o-rings between the end caps and the flexible Teflon, but this created a seal with
variable reliability—small leaks were common. The best approach was to wrap the end
cap in thin (2 mm) silicone sheet, shrink the Teflon onto the sheet, then wrap the outside
of the Teflon with silicone and constrain it with two hose clamps. This created a seal that
was maintained through a heating cycle.
2.5.2 Boiling
The experiment provides data on the spatial and temporal distributions of mass
and energy in a hot, low permeability material. P-T data plotted on or above the liquid
vapor curve (Figure 2-12), indicating that boiling conditions occurred within the cell.
The outflow is depleted in non-volatile tracer (Br-), suggesting that the tracer has been
separated from the fluid by boiling. It seems likely that boiling occurs in the end cap, but
the enriched concentrations of DCA in the outflow indicate that boiling also occurs
within the clay.
The vapor fraction in the outflow can be estimated by using DCA and Br- as
tracers and assuming equilibrium between vapor and liquid. Using DCA mass alone in
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each outflow sample during a test, the volume fraction of steam vapor in the condensed
water sample is the steam quality, i.e., steam vapor mass/total water mass:
f v , DCA =

CR −1
ρR H −1

(2-1)

where H is the dimensionless Henry’s law constant at 95 °C, which is 0.3 at 95 °C [Falta
and Murdoch, 2011], ρR is the ratio of liquid water to water vapor (~1700), and CR is the
ratio of outflow DCA concentration to the pore concentration, which is changing variable
as the outflow concentration is measured over time and the pore concentration is the
current mass remaining in the sample divided by the pore water remaining in the sample.
The example test suggests that only a few percent of water (in first six outflow samples)
may be boiled to vapor to create a DCA enrichment ratio of 12. This result is comparable
to the sandstone test done by Chen et al. (2010), but both results seem to conflict with the
steam volume fraction calculated from the Br- using:
f v , Br = 1 − C R

(2-2)

where CR is the ratio of Br- concentration in the outflow to the pore water concentration.
The data of the clay example test indicate that the steam quality is 0.72 and 0.97 for the
first two samples, and then increased to 1.0 by the third sample and remained for the rest
of the test.
Both these data indicate that boiling is occurring in the cell, but the difference
between f v , DCA and f v , Br suggests that the process in non-uniform. One possibility is
that both liquid and vapor are produced from the clay in accordance with f v , DCA and that
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the liquid is vaporized in the end cap. This would separate the Br- and create the high
observed f v , Br while not affecting f v , DCA .
Alternatively, liquid and vapor could be produced from the cell during the first
sample or two, but the production then changed to exclusively vapor. This would create
the observed f v , Br . Vapor transport through the clay likely occurs through localized
conduits or preferential pathways, which would rapidly strip out DCA from their vicinity.
Local depletion of DCA from the vicinity of active flow paths would cause the
concentration of DCA in the conduits to be progressively less than the equilibrium
concentration determined for the bulk core. This case would resemble the well-known
scenario where local mass transfer between active flow paths and low permeability
matrix limits the rate of mass recovery [McCray and Falta, 1997; McKay et al., 2002].
2.6 CONCLUSIONS
An apparatus and procedure was developed to characterize VOC transport during heating
low permeability sediment. The apparatus uses a cylinder of contaminated clay 5 cm in
diameter and 25 cm long packed into either a rigid-wall or a flexible-wall cell and heated
to boiling temperature while collecting and condensing the resulting vapors.

Mass

balance of water and VOC can be closed within an analytical variability of approximately
20% using measurements of the initial and final mass in the clay, the mass recovered as
condensate, and an estimate of the mass loss due to diffusion from the cell. Temperature
and pressure were measured within the clay specimen as a function of time during
heating and recovery, and they can be used to evaluate transient conditions in the matrix.
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An example experiment conducted using kaolinite in the rigid-wall cell with a
high power input demonstrates an effective vapor stripping mechanism in clay. VOC
mass recovery in this test was fast and thorough.

A complete DCA recovery was

obtained when less than one third of the pore water was removed, a result similar to that
described by Chen et al. [2010], who conducted tests using sandstone with permeability
more than two orders of magnitude greater than the clay.
The apparatus is well suited to further evaluation of transport during boiling and it
has been used to conduct a suite of experiments designed to identify important aspects of
that process. The results of those experiments will be described in a companion paper.
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CHAPTER 3
LABOTORY EVALUATION OF VOC REMOVAL IN CLAYS
DURING BOILING

3.1 ABSTRACT
A suite of experiments was conducted to evaluate mass transport of volatile
organic compounds at elevated temperature in low permeability materials. A kaolin clay
matrix made with 1,2-dichloroethane (DCA)-laden water was packed in two cells, a rigidwall and a flexible-wall tube, and heated using an apparatus and procedure detailed in
Chapter 2. Clay in a rigid-wall cell was heated up to 130 °C with a power density of ~80
kW/m3 and then depressurized at top end of the rigid-wall cell. DCA was removed from
clay in approximately 15 minutes when 0.3 of pore volume water was removed. These
tests created condensate enriched to more than 10 times of DCA in the pore water.
Lower heating power density (~50 kW/m3) was used in the flexible-wall cells and this
resulted in initial temperatures of approximately 110 °C, slower recovery rates, and
concentrations that were roughly twice the pore concentration of DCA. Approximately
15 h were required to reduce contaminant concentrations by two orders of magnitude, and
this removed approximately 0.5 of the pore water volume. Bromide was added to the
pore water, but it was absent from all but the initial outflow. The water content and DCA
concentration were measured by terminating experiments after different fractions of
water had been removed. Both water and DCA concentrations were reduced over the
entire length of the core in all the tests. The experimental results confirm the potential
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ability of thermal methods to remediate contaminated clay, and they suggest a conceptual
model for the process that involves boiling and mass removal in both vapor and liquid
phase along preferred flowpaths that cut through the clay matrix.
3.2 INTRODUCTION
Many sites contaminated by chlorinated volatile organic compounds (VOCs) are
underlain fractured rocks or clays. With the distinct contrast in hydraulic permeability
between the fractures and the host matrix, the contaminants move through the fractures
and diffuse into the surrounding matrix. The matrix can be a long term contaminant
source of dissolved and adsorbed contaminant in matrix even after the initial spill is
removed [Falta, 2005; Kueper and McWhorter, 1991; McKay et al., 1998; Murdoch,
1995; Parker et al., 2008]. Conventional remediation methods relying on delivering
fluids to flush through the tight matrix are not effective. The uncertainty of fractures
location and properties makes remediation more difficult [National Research Council
(NRC), 1994, 1996]. Thermal remediation stands out as a potentially effective alternative
by delivering heat to the fracture-matrix system to increase the contaminant transfer.
Water boiling is an important mechanism for removing dissolved VOCs because of the
stripping effect accompanying the phase change [Heron et al., 1998, 2005; Udell, 1998].
Heating to boiling temperatures may increase Henry’s law constant by several folds,
further increasing the stripping effect [Heron et al., 1998a, Chen et al., 2012]. Removal
of mass from the source zone can decrease aqueous concentration leaching to the
groundwater [Falta, 2005].
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Although thermal remediation is encouraging, the complex heat and mass transfer
processes during heating in low permeability matrix are poorly understood and
characterized, which hinders the advancement and efficient application of the technique.
Modeling suggests that effective transport is sensitive to matrix permeability, which may
limit effective remediation in tight materials.

Simulations indicated that boiling is

localized in the vicinity of fractures and vapor does not move into the matrix in low
permeability material [Pruess, 1983].

Modeling also indicates boiling location is

important for contaminant mass removal [Falta and Murdoch, 2011]. Only when the
boiling occurs in the matrix, can large magnitude and fast removal of the contaminant
from the matrix be achieved.
In contrast to the theoretical analyses, field and laboratory studies in low
permeability media indicate that large fractions of contaminant can be removed during
heating [Gauglitz et al., 1994; Heron et al., 1998b]. A contaminated site with silt/clay is
heated to approximately 100 °C for almost 180 days and a significant reduction in
contaminant concentration occurred, from 1000 mg/kg down to 0.01 mg/kg. However,
the details of the mass transfer process remain unknown [Heron et al., 2009], so
applicability to field scales remains uncertain. A laboratory heating test was done on a
Berea sandstone core with a permeability of 10-14 m2 shows an essentially complete mass
recovery of a VOC from the matrix [Chen et al., 2010]. In this test, a deliberately
contaminated core was heated to water boiling temperature, and the end of the core was
depressurized to induce boiling. All of the DCA added to the core was recovered as
condensate [Chen et al., 2010]. The experiment by Chen et al. (2010) was monitored
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with enough detail to infer transport mechanisms, but the permeability of that core was
moderate (~10-14 m2) so processes occurring in low permeability materials remain
unresolved.
Experimental techniques for evaluating mass transport of VOCs in heated clay
have been developed and are described in Chapter 2. This chapter is to describe a series
of experiments conducted using this new method. Different fractions of pore water in the
clay matrix were boiled out and clay was sampled after heating and analyzed for water
content and DCA concentrations. Different boundary conditions and power input were
applied to evaluate how these conditions would affect the removal of water and
contaminant. The objective of this chapter is to evaluate if the boiling can occur in the
clay with lower permeability than the sandstone, to identify the boiling locations if
boiling does occur, and to estimate how much water must be removed to achieve a
desired contaminant reduction.

By comparing the behaviors from clays of low

permeability with Berea sandstone of relatively high permeability, two different
mechanisms are proposed for controlling the contaminant mass transfer during boiling for
high and low permeability matrix. These mechanisms provide insights and may help
improve thermal remediation designs in a fractured rock/clay.
3.3 METHODOLOGY
Clay was made by mixing dry kaolin powder (Kaolin P, U.S. Silica) and degassed tap
water containing 1,2-dichloroethane (DCA) and bromide.

Each clay specimen was

packed in the 0.3 m (1 ft) long and 5.0 cm (2 inches) diameter container, either a rigidwall stainless steel tube or a flexible-wall Teflon heat shrink tube, sealed at the two ends
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with stainless steel end caps.

The cylindrical sample was placed vertically in the

apparatus with the top end serving as the vapor/contaminant outlet. The clay matrix was
allowed to equilibrate for 16 h in the sealed apparatus to reach a more uniform initial
DCA concentration before being heated (Chapter 2).
Heating was achieved by a strip heater wrapped around the cylindrical sample and
the heater was controlled by measuring temperatures with RTDs (SA1, Omega, US)
placed between the heater and the container surface.

Internal temperatures were

monitored by micro-thermistors inserted in the center of the cylindrical sample (Chapter
2). The Teflon sleeve containing sample was placed in a sealed vessel where a 1.0×105
Pa (15 psig) confining pressure was applied.
The clay was sampled before and after heating for the water content and DCA
concentration profiles. DCA in solids was extracted using a salt water method and a
methanol method (Chapter 2), denoted as NaCl-method and MeOH-method.

Solid

samples were placed in a weighed vial filled with salt water (150 mg/L NaCl in distilled
deioned water, i.e., DDI water) or an empty cramp-cap vial. The vials were capped
immediately and weighed. Each crimp-cap vial was injected with 10 ml methanol and
weighed. These samples were vortexed for mixing (VWR fixed-speed vortex mixer,
VWR International LLC) and placed on a shaker in an upside down position to promote
equilibrium. Then the sample vials were centrifuged briefly to remove the solids attached
on the cap septa and the headspace gas was analyzed using a GC-FID (wet clay samples)
or GC-ECD (dried clay samples) for DCA concentration. During heating, the top outlet
tube was open to allow vapor/water/DCA to come out and pass through a counter-flow
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heat exchanger to condense the outflow sample. The condensed liquid samples were
collected in 50-ml glass vials. Once the sample reached ~10 ml in the vial, it was
immediately sealed with a screw top with Teflon-faced septa and a new vial put in its
place. These aqueous samples were measured for DCA concentration on GC-FID after
an overnight equilibrium on a shaker. After GC measurement, the aqueous samples were
syringe filtered for IC measurement for the non-volatile bromide. The concentrations of
DCA and bromide were obtained from linear regression of standards spiked with known
amount of DCA and treated the same way as treated for a sample. The detailed method
and the synthesized water-saturated clay properties are documented in Chapter 2.
A series of heating tests were conducted using the rigid-wall and flexible-wall
cells. Each test was terminated when a certain amount of pore water was collected during
heating. Recovered mass was obtained from the collected condensate samples during
heating. Initial mass and remaining mass were obtained from clay extraction before and
after heating.
The program consists of more than twenty tests conducted on clay materials.
These tests are separated based on the cell used to conduct them. Tests in the rigid-wall
used a maximum surface temperature set at 150 °C, and internal temperatures ranged
from 105 °C to 130 °C at the time the outflow started. The maximum power input was
150 W (the product of duty cycle and nominal power of the heater).
In contrast, tests conducted in the flexible-wall cell used lower applied power and
generally lower initial temperatures. The power input to the heaters was 30-50 W and the
maximum surface temperature was set at 110 °C. This setting was chosen to reduce the
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rate of pressure increase during heating. The seals on the flexible-wall apparatus were
more fragile than the one used in the rigid-wall cell, so the lower pressurization rate was
used in an effort to avoid damaging the seals. The actual power input varied due to the
manual adjustment for a uniform surface temperature during the warm-up stage from
room temperature to the boiling temperature and the heating efficiency. The power input
to the heaters was kept constant once the boiling temperature was achieved and outflow
was started. The actual power input to clay specimens was calculated using the heating
time from room temperature to the initial temperature when the outflow collection
started, and clay heat capacity.
Cartridge heaters embedded in the end caps provided additional heating to
maintain a uniform surface temperature during some of the tests. This additional power
was insignificant in the rigid-wall cell, because they generally provided less than 10% of
main heater power, but became significant in the flexible-wall cell, generally 20% to 50%
of the main heater power. In some of the tests in the flexible-wall cell, no end cap heaters
were used to evaluate the effect.
The average power density (power input to clay normalized to the clay specimen
volume) for the two categories, was 80 kW/m3 for the rigid-wall and 50 kW/m3 for the
flexible-wall.
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Table 3-1

Main heater

Representative operational conditions for heating tests
Power to the heaters
Power to the heaters
In rigid-wall (W)
In flexible-wall (W)
100-150
30-45

Bottom heater

0.0-20

0-25

Top heater

0.0-15

0-35

150 °C (max.)

110 °C (max.)

Open outlet@ 105-130 °C

Open outlet@ 100-110 °C;

Surface Temp

bottom end cap lower than 100 °C
without the top and bottom heaters

3.4 RESULTS
A suite of tests conducted in each of the cell was presented here.
3.4.1 Rigid-wall tests
In the rigid-wall cell, seven clay specimens had an average packing weight of
829.0±37.69 g, the pore water of 256.8±15.9 g, water content (water to dry clay mass
ratio) of 0.45±0.02, and initial DCA concentration of 21.04±5.44 mg/g (dry base), and
the initial DCA mass of 12.05±3.16 mg determined by the DCA concentration and
sample weight (Table 3-2). Among the seven heating tests presented here, five of them
with an open outlet for collecting removed water/DCA when the temperatures reached
100 °C and another two tests were heated with a closed outlet during the heating without
collecting any outflow, the same as the baseline tests in Chapter 2.

103

Table 3-2

Summary of the tests in rigid-wall (n=7)
Average
Standard
deviation
Packed clay weight (g)
828.96
37.60

Relative
Std Dev
5%

Pore water (g or ml)

256.82

15.93

6%

Initial water content

0.45

0.02

5%

Initial DCA concentration (

21.04

5.44

26%

Initial DCA mass (Min, mg)

12.05

3.16

26%

DCA concentration in the working

206.60

60.43

29%

46.36

10.92

24%

Cpore/Csol

0.23

0.07

28%

Heating time (h)

5.16

3.77

73%

Initial Cl (Cin_Cl, mg/L)

7.76

0.47

6%

302.94

264.72

87%

Initial Br- mass (mg)

73.97

61.93

84%

Mout/Min_Br- (Cin_Br-*pore water)

0.03

0.01

50%

Mout /Min_Cl- /(Cin_Cl-*pore water)

1.90

0.66

35%

Cin, mg/kg dry clay)

solution used to make the clay sample
(Csol, mg/L)
DCA concentration in pore water
(Initial Mass/Pore water volume,
Cpore, mg/L)

(background value in the degassed
water used to make clay sample)
Initial Br- in the working solution
-

(Cin_Br , mg/L)

Drying rate. The pore water removed was measured by the decrease in weight of the
cell after the test was terminated, and it was normalized to the initial pore water volume.
Three of the five tests removed 0.28, 0.41, and 0.54 of pore water and two tests were
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done until completely dry (Figure 3-1). The drying rates of the five heating tests are
variable; for example, removing half of the pore water in the experiments ranged from
2.5 h to 6 h. The two complete dry-out tests were done using different power input and
initial temperature when opening the outlet. All five tests were completed within 12 h.
Some differences in heating may come as the result of manually adjusting power input to
maintain a uniform surface temperature and probably also from variable insulation
efficiency.

Vout/Vpore

1.0
103%
100%
54%
41%
28%

0.8
0.6
0.4
0.2
0.0
0

Figure 3-1

2 4 6 8 10 12
Time since heating (h)

Pore water removal as a function of heating time.

Mass balance. The general trend shows that the more pore water is removed, the more
DCA is recovered in the outflow and the less is remaining in the matrix (Figure 3-2a).
The mass remaining in the clay decreases sharply to zero when about 1/3 of the pore
water is removed and DCA recovery is completed when 1/2 or less of the pore water is
removed from the matrix (Fig 3-2a). DCA recovery shows a high rate during the initial
stage and the recovery rate diminishes with time in all the tests (Figure 3-2b). The two
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tests without allowing outflow (removal of pore water is zero) during heating are shown
as zero water removal in Figure 3-2a.
Ideally, the sum of the mass recovered and the remaining should be equal to unity.
The mass balances for the tests are typically between 0.8 and 1.0. This is likely to be
contributed from the uncertainty of sample analysis by extraction methods, which shows
~20% variations (Chapter 2). The uncertainty for calculated values is obtained from error
propagation of measured values.

The coefficient of variation or relative standard

deviation (RSD) for a calculated value is the square root of sum of the squares of RSD of
each parameter that enters into the calculation assuming these parameters are unrelated
(Chapter 2, Table 2-7). For example, the RSD of the initial mass, Min, which is the
product of clay weight and measured initial concentration, Cin, is approximately equal to
the RSD of Cin because it is one order of magnitude large than RSD of weight.
The non-volatile ions such as Br- and Cl- were measured in the outflow serving as
a comparison to the volatile DCA. Bromide was added to the working solution used to
make the clay, and chloride was the background level in the degassed tap water in the
working solution. Ion concentrations were generally high in the first one or two samples
(<20 ml), and were low or not detected in the later samples. With a mean Br- mass of 74
mg in the clay samples, less than 3% Br- mass on average was recovered when the pore
water was completely removed (Figure 3-2c). Approximately double of the background
Cl- mass was recovered, indicating Cl- was leaching out from clay mineral or there was
ion exchange between Br- and Cl- in clay minerals. Although the recovery rate for Br-
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was relatively high at the start of collecting condensed outflow, the total mass of Brrecovered was less than 5% of the mass in the sample (Figure 3-2d).
Water content decreases approximately uniformly along the length of the clay
sample (Figure 3-2d). When 54% of the pore water is removed, the water content profile
has a gradient of less than 1%/cm, decreasing towards the outlet (Figure 3-2d). The
profiles of DCA concentration in the clay samples showed similar patterns as the water
content, a uniform reduction or a slight gradient along the length (Figure 3-2e). When
28% or more pore water is removed, DCA concentration is reduced by at least a factor of
10 (Figure 3-2e).
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(a)

103%
100%
54%
41%
28%

0.5
0.0
1.0

Water content/
Initial water content

Mout/Min
Mass remaining/Min

(b)

0.5
0.0
0.06

DCA/Initial DCA

Mout/Min_DCA
Mout/Min_Br

1.0

Mass remaining/Mass IN (NaCl-method)
Mass out/Mass IN (NaCl-method)
Mass out/Mass IN (MeOH-method)
Mass remaining/Mass IN (MeOH-method)

(c)

0.04
0.02
0.00

1.0

(d)

0.5
0.0
(e)

1
0.1
0.01
0.001

0.0001
0.0
0.5
1.0
Fraction of pore water removed

0
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10

15

20

Distance from outflow (cm)

Figure 3-2
DCA and water content in the suite of tests in the rigid-wall cell. The
percentage is the fraction of pore water removed in each of the tests. (a) Mass remaining
and mass recovered at the outflow as a function of fraction of pore water removed; each
test shows results with both extraction methods using NaCl and MeOH; two heating tests
were conducted where no outflow was collected shown as zero removal of pore water. (b)
The recovery of DCA as a function of fraction of pore water removed. (c) The recovery
of Br- as a function of fraction of pore water removed. (d) Water content profiles before
and after heating. The water content is normalized to the average initial water content of
each test before heating. (e) DCA concentration profiles before and after heating in logscale. DCA concentration is normalized to the average initial DCA concentration of each
test before heating.
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Two individual tests with complete drying are presented. They are denoted as
103% (Test A1, circles in Figure 3-3) and 100% (Test A2, diamonds in Figure 3-3) in
Figure 3-1 and 3-2. Test A2 was heated with a lower power input (44 kW/m3), about half
of Test A1 (80 kW/m3); the initial temperature when the outlet valve was opened was
also lower, 110 °C internal temperature compared to 130 °C internal temperature for Test
A1.
The outflow from both tests increases sharply as a pulse of condensate rich in
DCA and low in Br-. The pulse for Test A2 occurred later, with a lower magnitude of
flowrate compared with Test A1 (Figure 3-3a). Pore water was completely removed in
the two tests (Figure 3-3b). The peak flows contain DCA concentrations, 4 to12 times
that in pore water, and low Br- concentrations, essentially zero (Figure 3-3c). DCA
recovery is complete after approximately 1/3 of the pore water is removed, and it is
essentially absent (within experimental uncertainty) from the core during sampling at the
end of the test (Figure 3-3d).
The profiles of water content and DCA after heating show a complete and
uniform drying for both tests and DCA concentration reduction by two or more orders of
magnitude (Figure 3-4).

The clay shrank and became stiff during drying, with a

volumetric strain (ΔV/V0) of approximately -7%.
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Figure 3-3
Key parameters of two heating tests in the rigid-wall cell as a function
of time and pore water removal fraction. (a) Outflow rate, (the first point indicates the
time when the outlet was opened) (b) cumulative volume of outflow, (c) normalized
concentration of DCA (filled symbols) and Br- (open symbols) in the outflow, and (d)
cumulative mass of DCA and Br- in the outflow, normalized to the initial mass before
heating, as a function of heating time. Circles are for Test A1 and diamonds are for Test
A2. (a1) to (d1) are the same parameters plotted as a function of faction of pore water
removed.
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Figure 3-4
Profiles of water content and DCA along the length of a rigid-wall cell
for Test A1 and A2. (a) Water content of Test A1 (closed circles are samples before
heating and open circles are samples after heating), (b) DCA in Test A1 in log scale
(closed circles are samples before heating and open circles are samples after heating
using NaCl extraction, closed diamonds are samples before heating using MeOH
extraction, and DCA is not detected after heating using MeOH extraction), (c) Water
content of Test A2, and (d) DCA of Test A2 in log scale (symbols are the same as Test
A1).
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Figure 3-5
Time series of Test A1 in 1-2 h for (a) pressure, (b) internal
temperatures, (c) power input to heaters, and (d) surface temperatures. Measurement
points in (b) and (c) are in distance from the outlet. Sampling events following the initial
open of outlet are numbered from 2 to 7. Two vertical lines indicate the time when the
outlet was open and when DCA recovery was completed.
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In Test A1, the clay sample was heated for 6.7 h and then the power was shut
down for cooling. The full scale of temperature, pressure, and power of Test A1 are
provided in Figure 2-11, here the detailed signals are shown for the range when the outlet
is opened and DCA is recovered (Figure 3-6). The DCA recovery was completed in a
narrow window from t=77 min (1.3 h) of the first outflow sample to t=102 min (1.7 h)
before the seventh outflow sample. The pressures went up from about 0 Pa (gauge) to
7e4 Pa (~10 psi) and temperatures from 20 °C up to more than 100 °C during t=0 to 77
min (Figure 3-5a). At t=77 min the top outlet was opened to the atmosphere, the surface
temperature was slightly less than 150 °C and the internal temperature was about 130 °C
(Figure 3-5 b and d). After opening the outlet, both pressures and internal temperatures
underwent a drop and then stabilized in a sawtooth pattern fluctuating around 0 Pa and
100 °C after t=120 min. DCA was recovered before the stabilized saw-tooth stage.
The power input within the DCA recovery range is constant. The main heater
around the surface of the sample provided the majority of the power, 150 W, with an
addition of less than 10 W at each end cap (Figure 3-5c). Once the target temp was
reached at t=108 min, the surface heater oscillated as on/off to maintain the target temp
with an average power of 70 W. The surface temperatures remained roughly constant at
the set maximum heater temperatures, 150 °C, with a drop of 10-15 °C during the DCA
recovery range (Figure 3-5d). The drop would release energy from stainless steel tube
and end caps of ~23 kJ assuming 10 °C temperature drop. This energy would be used for
pore water boiling.
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Pressure in all four transducers stabilizes at 7×104 Pa (10.5 psig) until the valve is
opened at t = 77 min. The pressure in the outflow tube drops to a slightly negative value
when the valve is opened. This pressure drop is expected because the sample vial is
evacuated, but the pressure response in the core is unexpected. The pressure in the core
(p2 to p4) increases abruptly and consistently by 1.5×104 Pa (2 psi) when the valve is
opened. The pressure in the outflow tube (p1) increased with time as the sample bottle
filled and became pressurized and it reached 7×104 Pa (10.5 psi) at t = 81min.
The sample bottle was changed (sampling event 2, Figure 3-5a), dropping the
pressure in the outflow tube, and the pressure response in the core is essentially the same
as it was initially—the pressure increases abruptly by 1.5×104 Pa (2 psi). The pressure in
the core decreases gradually.
A different response occurs during sampling event 3. It starts the same as the
previous two events, with the pressure dropping in the heat exchanger and rising in the
core, but the pressure drops at the upper transducer (p2) roughly 10 seconds later. The
pressure at the upper transducer drops throughout the sampling period, but it remains
elevated at the other two transducers. A slight pressure increase occurs in p2 when the
sample bottle was removed at event 4, but then the pressure decreases to roughly 0 Pa.
The pressure midway along the length of the core (p3) during sampling event 4
mimics what happens at p2 during sampling event 3. The pressure at the bottom of the
core (p4) follows suit with a similar behavior during sampling event 5. However, the
pressure in the outflow tube (p1) during the first 4 events always increased to 7×104 Pa
(10 psi), but it peaks at 5×104 (8 psi) during event 5 and only 3×104 Pa (4 psi) at event
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6. The peak pressures at p2 and p3 also progressively decrease during events 5 through
7, while the peak pressure at p4 reaches 9×104 Pa (13 psi).
The pressure response after sampling event 7 is systematically different than
previous events. The typical behavior is for the pressure to drop in outflow tube and at
locations within the core essentially simultaneously, with the exception of p2 where it
increases slightly. The abrupt drop in pressure is followed by a roughly linear increase in
pressure, which produces a sawtooth-like pattern. The range of the pressure oscillations
increases along the length of the core, with a roughly stable pressure at p2 and a range
from -7 to +7 kPa (-1 to +1 psi) at p3 and -40 to 30 kPa (-6 to +4 psi) at p4. Interestingly,
the pressure fluctuates in the outflow tube from 0-14 kPa (0 to +2 psi), so in the outflow
tube the pressure remains positive and greater than the pressure in the core with the
exception of p4, where the pressure exceeds that of the outflow tube at the end of each
sampling event.
The observations suggest that the pressure behavior is characterized by three
periods (Figure 3-5a):
(1) Early period when the pressure in the core is uniform and is opposite to the trend of
pressure in the outflow tube.
(2) Transition period when the pressures in the core begin to respond with trends that
follow the outflow tube. This behavior happens progressively from the outflow to
the sealed end.
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(3) Late period when the pressure response follows that of outflow tube, but with
pressures fluctuating above and below 0. The magnitude of fluctuation increases
with distance from the outflow.
The PT space of these periods shows around the saturated vapor pressure (SVP)
curve or in the superheated vapor zone (Figure 3-6). During warm up, it seems that the
top part starts boiling first as the top temperature intersects SVP curve and enters the
vapor zone. The super heated vapor zone occurs during the early period, followed by a
drop moving along SVP in the transition period. The two periods correspond to the rapid
recovery of water/DCA. During later period PT stays on or oscillates about the SVP
under atmospheric boiling condition. The PT diagrams provide another piece of evidence
for boiling occurring in the clay sample in Test A1.
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Figure 3-6
PT diagrams of Test A1 during warm up, early period, transition
period, and later periods, along with saturated vapor pressure (SVP) curve.

Test A2 show a similar pattern as Test A1 with a general drop of pressure and
temperature when the outlet is open (Figure 3-7a and b). The pressure signals, however,
do not reach the same beginning point before the outlet is open. In addition, they appear
to be missing the early period in Test A1 and directly enter into the transitional period
followed by a more stable saw-tooth later period, which is after DCA recovery.
Temperature signals reach 110 °C and start to drop after depressurization at the outlet
followed by a more homogenous oscillation around 100 °C. In both tests DCA is
recovered rapidly before the pressure/temperature signals stabilize to boiling state at
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atmospheric condition. Test A2 has a lower power input, 50 W in the main heater, about
1/3 of Test A1, and a higher end cap heater powers, 10-20 W than Test A1 (Figure 3-7c).
Surface temperature of Test A2 is 100-120 C when the outlet is opened, and a ~10 °C
drop of surface temperature was observed for Test A2 during DCA recovery window
(Figure 3-7d).
The produced power for the two tests is characterized by a pulse followed by a
gradual decrease (produced power is calculated by assuming all the outflow is vapor
phase). The maximum produced power during Test A1 is approximately 200 W, where
during Test A2 it is 140 W. The produced power in both tests drops rapidly after the
peak to values that are approximately equal to the power used during initial heating (40
W for Test A1 and 20 W for Test A2) (Figure 3-8). It appears that power during the
initial pulse is derived from sensible heat stored in the clay and the stainless steel cell and
the two end caps because all of those regions cool during this period (Figure 3-7d and 38d).
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Figure 3-7
Detailed signals of Test A2 in 1-3 h for (a) pressure, (b) internal
temperatures, (c) power input to heaters, and (d) surface temperatures. Sampling events
following the initial open of outlet are numbered from 2 to 5. Two vertical lines indicate
the time when the outlet was open and when DCA recovery was completed.
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Figure 3-8
Produced power for Test A1 (closed circles) and A2 (open diamonds)
assuming the outflow is all water vapor. Power density produced in Test A1 and A2 as a
function of (a) heating time and (b) fraction of pore water removed. (a1) and (b1) are the
produced power in the two tests as a function of heating time and fraction of pore water
removed. Horizontal lines are the reference power input to increase clay specimen
temperature from 20 °C to 130 °C (Test A1, thicker line) and 110 (Test A2, thinner line).
3.4.2 Flexible-wall tests
This section presents a series of heating test with different fractions of pore water
removed from clay specimens constrained in a Teflon heat shrink tube. A power input of
40-50 kW/m3 and a target temperature of 110 °C were applied in these tests. These
values are generally lower than the ones used in the rigid-wall cell in order to limit the
increase in pressure, which could compromise the seal on the flexible-wall cell. The
outlet valve was kept open during heating to limit the pressure build-up, although this
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will have other effects on the results. Generally there was not much flow occurred during
the warm up stage (<5 ml) before temperature reached near boiling temperature, 100 °C.
In total 17 tests were conducted, with 13 of them heated and 4 of them unheated
controls. One of the 13 tests was a closed-valve heating test without collecting outflow.
A summary of these tests is provided in Table 3-3.
The duration of the pore water removal process is more than twice that of the
rigid-wall tests, with an average heating time of more than 20 h compared to less than 10
h for rigid-wall cell tests (Table 3-3). The volume recovery rate is variable, with an
initial rate of 0.1 pore water every 5 to 10 h.
Two tests in the flexible-wall cell were heated to a complete or close to a
complete drying with a high (100 kW/m3, 8 h) and low power input (20 kW/m3, 119 h).
These tests resulted in with a recovery of 1% and 38% DCA in the outflow, respectively.
The fraction of DCA in the core was 0.1% of the initial mass of DCA. The low power
result is probably due to the diffusion loss from a long exposure to the boiling
temperature. The high power test had clogging at the outlet tubing when the outlet was
first opened. Though it was quickly cleaned, the possible peak recovery might have lost
from the cleaning, as a typical peak recovery of DCA was seen for a high power input
pattern in the rigid-wall for less than tens of minutes. These two tests were presented to
complete the water removal processes using different power inputs (Figure 3-9).
A total of 12 tests are presented for both recovered and remaining mass of DCA:
nine of them were heated with three heaters maintaining a constant temperature and three
of them used only the strip heater without the end cap heaters (solid stainless steel rods as
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the end caps). The bottom end temperatures in these three tests were below 100 °C, at
70-75 °C. The nine heating tests consist of eight low power input heating tests where 6%
to 67% of pore water is removed, and one high power input heating where 100% pore
water is removed. In the tests where a high fraction of pore water was removed (53%67%) using three heaters, the two ends show drying (Figure 3-10d). The three tests
without end cap heaters remove 13% to 53% pore water without drying of the bottom end
(Figure 3-10d1 and e1).

Vout/Vpore
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0.4
0.2
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Time since heating (h)

103% (high power,100 kW/m3)
19%
39%
40%
66% (by wt loss, 50% by volume)
67% (by wt loss, 56% by volume)
67% (by wt loss, 31% by volume)
53%
53%(no end cap heaters)
31% (no end cap heaters)
13% (no end cap heaters)
91% (low power, 20 kW/m3)

Figure 3-9
Drying process as a function of time in the flexible-wall tests. The end
point is the pore water removal fraction for each test. There is a discrepancy by outflow
volume and weight loss for high fraction of pore water removed (66-67% by weight loss)
because of the holes on Teflon tube for temperature sensors or clogging in outlet tube.
The two dashed lines are a high power input (same as the rigid-wall) with the steepest
drying rate and a complete drying with the low power input.
One test was conducted with holes on the Teflon sleeve for inserting temperature
sensors, and dried clay grains were seen around the holes after heating.

The

unrecoverable loss of water and clay solids from these holes amounts to a 15% pore
water difference between weight loss and collected outflow mass. Because most of the
outflow is clear and free of clay grains, the weight loss during heating is assumed to be
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pore water removed from the clay. In most tests in an intact Teflon sleeve, the collected
outflow mass agrees with the weight loss within 3%. Percentage to denote each test is
the weight loss pre- and post-heating, normalized to the initial pore water, throughout the
chapter.
The general trend is that the more pore water is removed, the less DCA remains in
the clay and more DCA is recovered in the outflow (Figure 3-10a). When a large fraction
of the pore water was removed, the recovery becomes more scattered, indicating an
increased uncertainty. The remaining mass shows a gradual decrease with increased
water removal. The remaining DCA in clay drops to zero when 50% or more of the pore
water is removed. By contrast, DCA recovery rate is slow, characterized in a gradual
ramping pattern (Figure 3-10b), instead of a steep slope seen for rigid-wall.

The

recovered mass is roughly a linear function of volume of water produced in most of the
tests, so the tests that were terminated with small fractions of recovery can be
extrapolated to 100% recovery.

In this case, complete DCA recovery occurs after

recovering 0.5 to 0.9 of the pore water (Figure 3-10b). One test where 53% of the pore
water is removed shows a nearly 100% recovery of DCA. It appears that the mass losses
flatten out the slope of the recovery. The remaining mass in the clay may be appropriate
for the mass balance of DCA in the flexible-wall tests. Bromide recovery rate is similar
in two cells with a steep slope at the beginning and less than 4% bromide mass is
recovered (Figure 3-10c), indicating the condensate was mostly steam vapor.
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Table 3-3

Parameters for the series of tests in a flexible-wall tube (n=17)
Average
Standard
Relative
deviation

Std Dev

Packed clay weight (g)

905.67

67.19

7%

Pore water (g or ml)

261.34

18.05

7%

Initial water content

0.41

0.02

6%

Initial DCA concentration

15.29

7.37

48%

Initial DCA mass (Min, mg)

9.19

4.72

51%

DCA concentration in the working

286.09

46.08

16%

35.41

12.54

35%

Cpore/Csol

0.12

0.04

35%

Heating time (h)

23

18

80%

Initial Cl (Cin_Cl, mg/L)

11.24

4.60

41%

509.8

334.07

66%

197.3

48.2

24%

0.02

0.13

139%

0.13

0.16

119%

(Cin, mg/kg dry base)

solution used to make the clay sample
(Csol, mg/L)
Corrected DCA concentration in pore
water (Initial Mass/Pore water volume,
Cpore, mg/L)

(background value in the degassed water
used to make clay sample)
Initial Br- in the working solution
(Cin_Br-, mg/L)
Initial Br- mass (mg)
Mout/Min_Br- (Cin_Br-*pore water)
-

-

Mout/Min_Cl (Cin_Cl *pore water)

As more water is removed, the water content along the entire length of clay core
decreases with a gradient towards the outlet (Figure 3-9d and d1). In those tests where
60-67% of the pore water was removed, the two ends show drying fronts and I suspected
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that was caused by the additional heaters at the two ends.

Three more tests were

conducted with the surface main heater alone to avoid the end effect (Figure 3-10d1 and
e1).
The water content in the three tests without end cap haters decreases with a
uniform gradient of less than 1%/cm towards the outlet (Figure 3-10d1).
These tests distinguish them into two groups based on DCA profiles (Figure 310e). DCA is removed at fractional rate of roughly twice that of water, so the profiles of
relative DCA concentration are above 0.1 while the first half of the water is removed
(Figure 3-10e). The fraction of DCA remaining in the clay decreases by an additional
one to three orders of magnitude after more than 50% of the pore water has been
removed. This trend occurs in the three tests without end cap heaters (Figure 3-10e1),
although a step-like front develops in DCA concentration decreases towards the outlet
with increased pore water removal.
Horizontal fractures are clearly seen in the clay specimens after heating (Figure 311). Even for 20% water removal, an intensely fractured region occurs at the bottom of
the sample. As more water is removed, the clay was clearly divided by a relatively large
fracture into a wet zone at the bottom and dry zone at the top outlet. The test with 66%
water removal has end dry zones at both ends, presumably because a heater was used in
the lower end cap.
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Water content/Initial water content

Mout/Min
Mass remaining/Min

Mass out/Mass IN (NaCl-method)
Mass remaining/Mass IN (NaCl-method)
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Figure 3-10
DCA and water removal in a suite of tests conducted in a flexible-wall
cell. The percentage is the fraction of pore water removed in each of the tests. (a) Mass
remaining using NaCl and MeOH-extraction methods, and mass recovered as a function
of pore water; two tests without collecting outflow was at zero pore water removal. (b)
The recovery of DCA as a function of fraction of pore water removed. (c) The recovery
of Br- as a function of fraction of pore water removed. (d) Water content profiles after
heating and the water content was normalized to the average initial water content before
heating. (e) DCA concentration profiles after heating tests and DCA concentration was
normalized to the average initial DCA concentration in the sample of each test before
heating, in log-scaled. (d1) and (e1) are for three heating tests (53%, circle, 31%,
diamond, and 13% triangle, of pore water removal) using the strip heater alone without
the end cap heaters and the bottom end cap temperatures were below 100 °C.
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strain
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Changes in Clay Core During Water Removal by Boiling
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Figure 3-11
Appearance of clay specimens (from left to right). Initial: packed
uniformly, entire length of clay moist. 0.2: 20% pore water removed, clay color uniform,
no visible drying front, transverse fractures cut across bottom side 1/3 of the clay sample
(10 to 13 fractures, two big fractures ~1mm opening at the two sides in this range). 0.4:
40% of pore water removed, a light grey band 2 to 3 cm thick where clay is drier at the
top; a fracture zone (8 to 9 cm thick with 14 to 20 fine, i.e., <1 mm opening, transverse
fractures) formed at the bottom side. 0.67: 67% of the pore water is removed, long-time
heating, with both ends form drying zones, the large fractures bounded a relative wet
zone of 4 cm thick with 6 to 9 fine fractures.

Two individual tests in intact flexible-wall cells with 40% and 50% water removal
are compared (Figure 3-12) as Test B1 and B2. In Test B2, no additional heaters at the
two end caps were used. The water removal is characterized by a flow rate of 5 to 20
ml/h, which is one order of magnitude lower than the peak flow rate in rigid-wall tests.
The slower rate stretches the duration of DCA recovery to more than 10 h with average
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concentrations roughly double the pore water concentration. Most of the DCA was
recovered in the first 30 min, and concentrations were 4 to 12 times of the pore water
concentration in the rigid-wall tests. As pore water removal increases to more than 50%,
DCA recovery approaches to 100% within analytical error and the remaining DCA in the
dried clay was less than 5%.
Water content along the clay core uniformly decreases as pore water is removed
(Figure 3-13 a and c). A gradient of less than 1%/cm is seen away from the outlet, and
this gradient is similar to the 54% pore water removal test in rigid-wall (Figure 3-2d).
DCA concentrations in clays decrease with a sharp gradient by a factor of 10 or more
towards the outlet as water removal reaches 50% (Figure 3-13 b and d). It appears that a
drying zone started to form when approximately 40% pore water was removed, and it
progressed away from the outlet with time. The wet zone is characterized by many fine,
transverse fractures spaced approximately 0.5 cm. Even when as little as 6% pore water
was removed, a few fine horizontal fractures were visible in the clay.
The produced power from collected water assuming it is boiled into vapor is
essentially lower than the reference power input to the clay for warming up the clay
sample (Figure 3-14). This is in contrast to the rigid-wall tests, where the produced
power exceeds the input power during initial peak recovery.
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Figure 3-12
Key parameters of two heating tests in a flexible-wall cell as a function
of pore water removal fraction. (a) Outflow rate, (b) cumulative volume of outflow, (c)
Normalized concentration of DCA and Br- in the outflow, and (d) cumulative mass of
DCA (filled symbols) and Br- (open symbols) in the outflow. Circles are for Test B1 and
diamonds for Test B2.
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Figure 3-13
Profiles of water content and DCA along the length of a flexible-wall
cell for Test B1 (40% water removed) and B2 (50% water removed). (a) Water content of
Test B1 (closed circles are samples before heating and open circles are samples after
heating), (b) DCA of Test B1 in log scale (closed circles are samples before heating and
open circles are samples after heating using NaCl extraction, closed and open diamonds
are samples before and after heating using MeOH extraction), (c) Water content of Test
B2, and (d) DCA of Test B2 in log scale (symbols are the same as Test B1). Non-detect
with MeOH-method is set as 0.01 during plotting. (a1) A drying zone is near the outlet
when 40% pore water was removed and (b1) dry and wet zones are separated by a
fracture and DCA is high in the wet zone, corresponding to (a) and (c) profiles.
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Figure 3-14
Produced power for Test B1 (filled circles) and B2 (open diamonds)
assuming the outflow is all water vapor from boiling pore water. Horizontal lines are the
reference power input to increase clay specimen temperature from 20 °C to 110 °C
(Thicker line for Test B1 and thinner line for Test B2).

A separate heating test (Test B3) was conducted to measure internal temperature
and pressure in a flexible-wall cell without DCA. Two open-ended capillary tubes were
attached to pressure transducers and inserted through the Teflon wall to measure pressure
at the top and bottom end of the core. The top end was kept open to the atmosphere and
hence a constant zero gauge pressure is maintained during the test with some small pulse
to 15 kPa at t=8 h and 11 h (Figure 3-15a). The bottom pressure slowly approached the
confining pressure, 100 kPa (15 psig), but did not reach it by the time t=15 h. The
difference of the two pressure gives a head gradient of roughly 24 (60 kPa/25 cm).
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Internal temperatures along the length of the clay reached 100 °C in about 2 h,
followed by a temperature gradient of 1 °C/cm towards the outlet except the bottommost
temperature (Figure 3-15b). Using saturated vapor pressure dP/dT=3.4 kPa/K at 100 C, a
pressure head corresponding to the temperature gradient is 34. The temperature gradient
maintained for 5 h until power to the bottom heater was increased at t=7 h because the
bottom surface temperature was about to drop below 100 °C (Figure 3-15c and d). This
power increase brought up the bottommost temperature to 115 to 120 °C for the rest of
the heating test. At about t=9.5 h, a sequential temperature drop started, from top to
bottom (Figure 3-15b). The top temperature drop occurred at both internal and surface
even though the power input to the top heater was started at t=9 h (Figure 3-15c). The
next one that was about to drop corresponds to the divide of dry and wet zone seen in the
picture of Figure 3-15e and f.
The pressure signals, reversely respond to the temperature drop. This is similar to
the response of pressures in the rigid-wall cell, except the pressure response magnitude is
less than in the rigid-wall test. The main power supplied 45 W for 3 h and then it
dropped to an average 22 W when surface temperature reached 110 °C, the setting point.
The bottom heater was on for the entire duration and it was adjusted more frequently to
maintain a temperature close to the center temperature during the warm-up and a
temperature above 100 °C during the plateau stage.
Transverse fractures occur at spacing of 0.3 cm in wet zone of ~14 cm long, and
they also occur in the dry zone close to the wet zone (Figure 3-15e and f). In some cases,
fine fractures oriented parallel to the axis of the cell occur within the clay (Figure 3-15g).
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Roughly spherical cavities up to several mm in diameter occurred as spacing of on the
order of 1 cm (Figure 3-15g).
The PT diagram shows the evidence for boiling occurring in the clay sample in
this test (Figure 3-16a). The bottom side, assumed to have a maximum pressure, warmed
up and eventually intersect with the SVP curve, and continue moving up along the curve
until the test was terminated when partial water was removed (Figure 3-16a).
Temperature gradient is shown along the clay length. The sudden drop of temperature
below 100 °C at the top, which was open to atmospheric pressure, accompanies the peak
flow rate of the condensate (Figure 3-16b). This drop seems also moves further into the
clay sample from the outlet. The flow rate gradually increases to 7 ml/h over 4 h (Figure
3-16b). This rate was maintained for 5 h and then increased to ~15 ml/h during t = 9 to11
h, coincident with the internal temperature drop and rise. The total collected outflow is
44% of the pore water. Weight loss accounts for 59% of the pore water. Clay had been
extruded out through the holes in the Teflon tube where the temperature sensors were
placed. The difference between the recovered water and the change in weight indicates
that approximately 15% of the pore water was lost through the holes as well (Figure 317b).
The produced power from outflow is close to the reference line, i.e., the warm-up
power input to the clay. The power exceeds the reference line at some times, but it is
lower than the reference power at most times (Figure 3-17c). The water content profile is
consistent with the appearance after heating (Figure 3-15e) with a dry zone and wet zone.
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The development of a dry zone distinct is common for more than 50% pore water
removal. The water content gradient is ~1%/cm with a complete dried top 1 cm.
3.5 DISCUSSION
The suite of heating tests conducted in a rigid-wall and a flexible-wall cell
demonstrated that boiling can occur in the clay matrix of low k. The experimental
evidence for boiling in the matrix include (1) the low Br- and high VOC concentrations in
the condensate [Chen et al., 2010], (2) roughly uniform decrease of water content and
DCA along the clay axis when as little as 20% pore water is removed, and (3) complete
VOC removal with only a partial removal of pore water. If boiling was restricted in the
vicinity of fracture, we would expect a reduction in DCA and water content from the
vicinity of the fracture, rather than the fairly uniform decrease of water/DCA along the
length of the core.

In the tests presented here, even with a low power input, the

remaining VOC mass drops sharply when 50% or more pore water is removed. This
indicates DCA is partitioning into the vapor phase instead of coming out in liquid flow.
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(e)

(g)

(f)

Figure 3-15
Temperature and pressure during heating for a clay specimen without
DCA in a flexible-wall cell. Picture shows the core after heating test. It is divided clearly
by a large fracture into a wet zone at the bottom with layered fractures and a dry zone at
the top. (a) Internal pressure at the top and bottom of the clay. (b) Internal temperatures
along the clay. The 9 cm temperature approximately located at the divide in (e). (c)
Power input during heating. (d) Surface temperature for heater control. (e) (f) and (g)
show fractures in wet zone, in dry zone, and in vertical direction.
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Figure 3-16
(a) P-T diagram of Test B3 in a flexible-wall cell along with the
saturated vapor pressure curve. (b) Temperatures along the clay length and condensate
outflow rate as a function of heating time in Test B3.
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Figure 3-17
(a) Flow rate during heating and (b) cumulative outflow volume during
heating as a function of time in Test B3. About 59% of pore water is removed by weight
loss or 44% of pore water removed by collected condensate in the test. Lost clays
through holes for temperature and pressure sensors were observed for the difference. (c)
Produced power in Test B3 as a function of pore volume removed; the horizontal line is
the power input to warm up the clay. (d) A detailed water content profile shows a
uniform drying along the length with a moisture gradient towards the matrix in Test B3.
Error bars are the standard deviation of multiple samples taken at each distance.
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I estimate the vapor fraction in the outflow by assuming an equilibrium of DCA
locally in steam phase and water phase by a Henry’s law constant at high temperature
(Cg/Cw is from 0.04 at ambient temperature to 0.3 at 95 °C, [Falta and Murdoch, 2011]),
using a vapor and liquid density of 0.58 and 1000 kg/m3 respectively, and letting the
mass of DCA and water mass in the outflow to be the sum of liquid phase and vapor
phase. Even for the high power input case with the peak flow rate of 300 ml/h and peak
DCA concentration as high as 12 times of the pore concentration, only a few percent of
the condensate mass is estimated to be in vapor phase using this method. Using the same
estimation for the Berea sandstone test gives a similar result of 1%, and in the low power
input only 0.1% of condensate mass is in vapor phase.

Essentially this estimation

suggests the outflow primarily consists of liquid water.

This estimation seems in

disagreement with the low ion observations
A high steam quality is expected from the condensate, which is rich in DCA and
low in bromide concentration. In the previous estimate, a gas-liquid equilibrium is
assumed by the Henry’s law constant. This may be not true in the tests. It was observed
that the condensate coming out initially as a pulse of 100 to 300 ml/h that decreased
sharply with time [Chen et al., 2010]. I propose that vapor transport occurs along
isolated pathways and that transport is fast enough so the vapor is not in equilibrium with
the matrix [Fauria and Rempel, 2011]. Gas transport in a water saturated porous media
has been observed to occur as the growth of stationary bubbles, followed by the episodic
release and rapid transport of the bubbles [Fauria and Rempel, 2011]. On the other hand,
gas phase overpressure is a self-preservation mechanism, i.e., the over pressure is limited
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by the thermodynamic equilibrium [Holtzman and Juanes, 2011]. In our tests, as the
vapor pressure reaches boiling equilibrium, the boiling might be suppressed as the
driving force decreases until the vapor escapes from the matrix through an open conduit.
Then as pressure drops a new boiling event starts to reach the local equilibrium. Hence
an episodic bubble forming and rising would be expected, especially when the power
input is low.
The flow rate increased upon heating up to boiling temperature. Even in the low
power input cases it is at 1 to 20 ml/h, which translates to a 10-5 to 10-4 cm/s hydraulic
conductivity using the cross area of clay sample (~20 cm2). This is still two to three
orders of magnitude higher than the hydraulic conductivity of clay at ambient
temperature and a low water viscosity at high temperature would not account for all the
increase. The temperature gradient and pressure gradient give a head gradient for water
saturated porous media at ~30.
I have observed many fractures and shrinkage of clay after the heating in both
rigid-wall and flexible-wall cells. Some of the fractures were in dry clay and likely
resulted from shrinkage during dessication. Fractures also occurred in samples where the
reduction in water content was modest (20%), and the clay remained moist. Cracking
and shrinking are common phenomena in low permeability clay materials from the stress
induced during the drying process [Mihoubi and Bellagi, 2009].

Multiple parallel

fractures were also observed during gas hydrate dissociation in clay materials when the
temperature was up to 120-150 °C [Zhang et al., 2011]. It is observed that an average of
7% shrinkage after a complete dry out, and an increase in the elastic modulus during the
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fraction of removed water increased. Tests done by Towhata et al., [1995] and Sultan et
al., [2002] show that heating can accelerate the volume change and harden clay. They
also show that the plastic volume change caused by heating normally consolidated soils is
independent of the applied stress.
Fracturing is recently recognized as a favorable mechanism for gas invasion in
low permeability sediments [Holtzman and Juanes, 2011; Jain and Juanes, 2009].
Modeling studies predict that gas will fracture cohesive sediments when the sediment
particle is sufficiently small (<0.1 micron), whereas in larger particle medium, gas may
move through pore throats in capillary invasion mode [Jain and Juanes, 2009]. The
fracturing mode of gas migration occurs at capillary pressure lower than the entry
thresholds in fine-grained sediments where the low permeability would prevent rapid
pressure dissipation [Holtzman and Juanes, 2011, 2010; Xu and Germanovich, 2006].
I observed fractures but how and when they formed during heating is not known
yet. Cooling after the tests may also close some fractures as a healing process the pore
pressure is dropping and consolidation of clay grains [Gera et al., 1996; Hueckel and
Pellegrini, 1992]. It is difficult to document the bubble growth in sediment because of a
lack of good visualization, solely relying on pressure record. In an experimental study,
researchers overcame this difficulty by applying high-resolution X-ray CT images
[Boudreau et al., 2005]. Gas was injected into cohesive sediments and migrated either by
fracturing the sediment or by reopening preexisting fractures. They also observed that
bubbles in low permeability materials are in a shape of highly eccentric oblate spheroids
(disks). In contrast, bubbles in high permeability sand are round shaped, indicating a
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fluid-like response from sand to bubble growth stress. Boudreau et al. [2005] provide an
elastic-fracture model where a bubble rise pathway is formed and offers a low resistance
conduit for the movement of other bubbles and the long cracks anneal slowly. In another
study [van Kessel and van Kesteren, 2002], it is suggested that the creation of paths for
bubbles to escape is a result of instabilities in the sediment matrix. In sludge with a high
shear strength (>10 kPa), stable channels are created at low deformations; a large
expansion may occur in sludge with a low strength [van Kessel and van Kesteren, 2002].
A saw-tooth pressure record associated with dynamic bubble growth was
observed in another study [Johnson et al., 2002] where initial pressure increase
contributes to capillary pressure, which enhances the internal pressure of a disk shaped
bubble or fracture. Johnson et al. [2002] show pressure rising to a peak followed by a
precipitous fall that indicated bubble formation, after which the saw-tooth pattern slowly
declines as the bubble grows. The saw-tooth pressure response and disk-shaped bubble
formation are consistent with the mechanism of Linear Elastic Fracture Mechanics
(LEFM) [Johnson et al., 2002].
In a laboratory study [Fauria and Rempel, 2011], gas was injected into the bottom
of water-saturated, unconsolidated porous media. Gas transport transitions from capillary
mode to fracture-dominated mode as free gas is present close to the bottom and gas
overpressure lower than the capillary resistance to invading pore throat [Fauria and
Rempel, 2011]. They suggest a poroelastic effect may be important for enabling soil
particle rearrangement. Another study proposes that bubble rising is through preferential
propagation of a fracture in a vertical direction assuming the existence of flaws in the
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sediment fabric [Algar et al., 2011].

They conclude the velocity of bubble rise is

controlled by viscoelastic response of the sediment to stress and the bubbles grow to a
teardrop shape with tensile stresses at upper end open the crack and compressive stresses
at the crack tail close it.
There is ample evidence for gas transport through clay by fracture propagation,
and this leads me to infer that two mechanisms occur during thermal remediation. When
applied to moderate to high permeability material, like Berea sandstone, heating and
depressurization causes water to boils and vapor bubbles to form. Vapor phase transport
is enhanced as bubbles grow and coalesce, decreasing water saturation with the phase
change. This is the conventional effect of relative permeability for multiphase flow. As
water saturation drops, gas phase mobility increases. In the meantime, DCA partitioning
into the vapor is enhanced at the boiling temperature.
In clays, heating causes pressure to increase faster than in sand because the low
hydraulic diffusivity limits the rate at which pressure can be dissipated by interaction
with a zone held a constant pressure.

The pressure increase may suppress boiling

initially, but propagation of fracture will be initiated when the pressure exceeds a critical
value (e.g., fracture toughness in LEFM). Fracture propagation results in a decrease in
pressure, which may trigger the onset of boiling. At this point, expansion of the vapor
phase may accelerate propagation and cause growing fractures to link with their
neighbors, increasing the effective permeability of the material.
The growth of fractures during heating of clay provides a mechanism to transport
vapor relatively rapid along the length of the core, which explains why the decrease in

142

DCA and water is fairly uniformly distributed along the core (Figure 3-2 and 3-10). It
also suggests that steam could be transported along a few connected paths, which would
allow DCA concentrations in steam to be less than the equilibrium value. This would
explain the low steam quality implied by the observed DCA concentrations in
condensate. The ratio of steam/water would be higher than this calculation suggests if
the steam concentrations were less than those implied by equilibrium.
A fracturing mechanism could also explain the 10-fold difference in rates of
removal of water and DCA between the tests with an initial temperature of 130 °C and
those with an initial temperature of 110 °C. Vapor production during the hotter tests
likely creased more fractures than in the cooler tests, which increased the effective
permeability and promoted recovery.
3.6 CONCLUSIONS AND RECOMMENDATIONS
A series of heating tests on clays were conducted in cylindrical, rigid-wall and
flexible-wall cells to demonstrate boiling in low permeability unconsolidated clay. The
concentrations of DCA in the outflow were 4 to 12 times the pore concentrations in the
rigid-wall cell and 2 to 3 times in the flexible-wall cell. In contrast, only a few percent of
bromide mass was recovered in the outflow. Water content and DCA concentration
decreased fairly uniformly along the entire lengths of the cylinders with a modest
gradient developed towards the outlet. In both cases, DCA concentrations were reduced
by two orders of magnitude after roughly half the pore water was removed. These
observations are consistent with boiling in the clay matrix with a resulting steam
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stripping effect. An increased power input, an increased temperature, and a low external
confinement can speed up the removal rate.
This study demonstrates that VOC can be removed from low permeability clays
by heating and a complete drying of pore water is not required. I observed intensive
fractures forming in clay even when as little as 20% of the pore water was removed. By
comparing tests with relatively high permeability Berea sandstone, different removal
mechanisms are proposed for high and low k materials. In relatively high k material,
boiling in the matrix increases the gas phase mobility by decreasing water saturation,
following typical assumptions in multiphase flow [Chen et al., 2010]. However, in low
permeability clay, it appears that a fracturing mechanism may increase the effective
permeability. Boiling can occur in these thermally induced fractures, and they provide
preferential pathways for the transport of steam and VOC. In both cases, the gas phase
mobility is increased as boiling occurs in the matrix. An important implication of the
fracturing mechanism is that recovery of VOCs during thermal remediation may be
considerably faster than anticipated by mechanisms that only consider flow through the
ambient pore network.
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CHAPTER 4
THEORETICAL ANALYSIS OF VOC TRANSPORT IN CLAYS
DURING BOILING

4.1 ABSTRACT
Laboratory tests show that water and VOC can be effectively removed from clay
during heating to boiling temperatures (Chapter 3).

Numerical simulations of the

experiments with a multiphase flow code, TMVOC, suggests that boiling should be
located in the vicinity of fractures without much water or VOC removal from the low
permeability matrix, which differs from the experimental observations. A conceptual
model is put forth to explain the observations by thermally induced fracturing of the
porous matrix, a process not included in the multiphase code. Fractures may begin to
grow during heating as thermal expansion increases the pressure in favorably oriented
and shaped pores. Fracture growth limits the pressure increase during heating and causes
conditions to reach the saturated vapor pressure (SVP) at lower temperatures than would
otherwise occur. The system is particularly sensitive to decreases in pore pressure once
P-T conditions are at the SVP.

This is because a pressure drop will decrease the

equilibrium temperature on the SVP curve, which releases sensible heat and consumes
latent heat, producing water vapor. The large increase in fluid volume accompanying
boiling accelerates fracture growth, potentially causing neighboring fractures to interact,
coalesce and create a percolating network. This effectively increases the permeability,
which accelerates the removal of steam and VOCs from the initially tight clay. This
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conceptual model has been constrained by basic analyses from heat transfer,
thermodynamics and fracture mechanics, and it is consistent with observations from the
lab experiments.
4.2 INTRODUCTION
Numerical simulation shows that boiling of pore water can remove volatile
organic compounds (VOCs) from fractured porous materials [Falta and Murdoch, 2011;
Udell, 1998]. Permeability is a sensitivity parameter for matrix boiling and there may be
a lower limit where boiling is restricted to the vicinity of fractures [Pruess, 1983]. If so,
then the vigorous stripping of VOCs during boiling would leave low permeability matrix
material unaffected, a potential set back to the applicability of thermal remediation.
Laboratory tests show that VOC can be removed during boiling in Berea
sandstone with permeability of 10-14 m2 [Chen et al., 2010] and a clay matrix of with
permeability 10-16 m2 or lower (Chapter 3). DCA was completely removed from both
materials, although removal of the DCA from the sandstone was accomplished after
boiling off roughly 40% of the pore water, whereas removal from the clay required
boiling off somewhat more pore water, roughly 50%. Even when as little as 20% pore
water was removed, I observed a uniform decrease of water content and DCA
concentration along the length of the clay cylinder. The DCA concentrations in the
recovered outflow were 2 to 12 times of DCA concentrations in the pore water, a good
indicator for water boiling for the enriched volatile DCA in the vapor phase. Produced
condensate was low in non-volatile ions, indicating that the DCA was removed in the
vapor phase. Samples heated to a higher temperature released condensate at a greater
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rate than cooler samples, suggesting effective permeability increases with the temperature
at the beginning of the test.
Numerical simulations were conducted to explain the processes of water and
VOC transport during heating and boiling in Berea sandstone (k=10-13 m2) using
TMVOC [Falta and Murdoch, 2011]. TMVOC is one of the TOUGH family codes
developed in Lawrence Berkeley National Laboratory to simulate multiphase flow and
transport in porous media coupled with heat transfer [Pruess and Battistelli, 2002]. The
code is widely used and validated for isothermal and non-isothermal problems [Falta and
Murdoch, 2011]. Mass balance and energy balance are the governing equations for each
phase in the code. The warm-up and open outlet for depressurization in Berea sandstone
using in the similar heating tests are well explained by the modeling work [Falta and
Murdoch, 2011]. Temperature gradient along the sandstone core is developed as the pore
water is boiling, and a pulse peak flow with enriched VOC is in agreement with the
laboratory observations. After 4 h the pore water is boiled away and before half of the
pore water is boiled, the VOC is removed completed from the sandstone matrix [Falta
and Murdoch, 2011].

A similar numerical simulation is conducted for the clay

experiments using TMVOC with PetraSim interface [Thunderhead Engineering, 2011]..
4.3 NUMERICAL SIMULATION
4.3.1 Model Setup and Material Properties
The clay specimen was simulated using a cylindrical geometry (R-Z) with the true
sizes. The mesh size is 8*11 (column*row, or R*Z), with a top layer serving as the
outlet. The rigid-wall cell and the flexible-wall were simulated with the same geometry
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and the two tests were experimented for different the initial pressures, 1 atm and 2 atm (1
atm plus 1 atm confining pressure) absolute pressures, respectively.

No significant

difference of model results was shown for the two pressure settings. The two initial
pressures represent the outlet condition, open to the atmosphere or closed with the
confining pressure applied.
The initial conditions were set as the experiment, 20 °C and confining pressure
(15 psig, or 200 kPa absolute). DCA is completely dissolved in pore water, with mole
fraction 1×10-5 in water phase, which corresponds to the experiment conditions, 35 mg/L
in pore water. DCA was selected from the built-in database of VOCs in the PetraSim.

Figure 4-1

Model geometry
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4.3.2

Model parameters
Clay properties are from laboratory measurements or value reported in literature

(Table 4-1). The capillary pressure model is the van-Genuchten type [van Genuchten,
1980]:

[ ]

Pcap = − P0 ( S *

Where the dimensionless saturation is S * =

−1 / λ

− 1)1− λ

(4-1)

S l − S lr
with Sl, Slr, and Sls are water
S ls − S l r ,

saturation, residual water saturation, and maximum water saturation in saturated
condition. –P0 and λ are the parameters in the capillary pressure models.
The relative permeability model is Corey’s [Brooks and Corey, 1964; 1966]:
k rl = Sˆ 4
k rg = (1 − Sˆ ) 2 (1 − Sˆ 2 )
Sˆ =

(4-2)

S l − S lr
1 − S lr − S gr

with Slr=RP(1); Sgr=RP(2) and restrictions: RP(1)+RP(2)<1 [Pruess et al., 1999]. The
subscripts of l, g, r indicate liquid (i.e., water), gas (steam vapor), and residual.
The parameters for capillary and relative permeability models are summarized in
Table 4-2.
The model was run in two steps: the first step is the warm up stage from room
temperature to the set temperature, and the second step simulates opening the outlet to the
atmospheric pressure. The production rate of phase β is calculated as [Pruess et al.,
1999] with Pβ>Pwb:
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qβ =

where

k rβ

µβ

⋅ ρ β ⋅ PI ⋅ ( Pβ − Pwb )

(4-3)

is the pressure of phase β, which is sum of pressure P of a reference

phase (usually gas phase) and the capillary pressure,

is the specified outlet

pressure,  is the relative permeability of phase ,  is the β phase viscosity,  is
productivity index (   /, where k is the permeability, A is the cross section area,
is assigned a value of 2.0×105 Pa for step 1

and d is the half depth of the top layer.

when the outlet valve is closed, and 1.0×105 Pa (1 atm) when the outlet valve is open to
the atmosphere in step 2. When the pressure at the center of the producing element is
lower than the specified outlet pressure, the production rate is zero.
Table 4-1 Properties of clay used in the simulation
1750, ρb =ρw×n+ρs×(1-n) where density of
Density, ρb
kg/m3
water and solid, ρw and ρs are 1000 and 2650
kg/m3 [Tong et al., 2010; Gatmiri et al., 2010]
Porosity, n
0.6
Permeability, k

m2

5×10-17 (x,y,z)

Wet heat conductivity, λb

W/m °C

Dry heat conductivity, λs

W/m °C

Specific heat, cp

J/kg °C

Pore compressibility

1/Pa

2.0 (2.5 was measured value, Appendix A;
adjusted to match the observed temp)
0.24 ([Michot et al., 2008; Miselis et al.,
2012], adjusted to match the observed temp)
2000 (1000 is measured value in Appendix A;
adjusted for water-clay mixture using
literature values with dry clay and water
properties using cp=cw×ρw×n+cs×ρs×(1-n),
where cw and cs are the heat capacities of
water and solid, 4180 and 800 J/kg °C
[Gatmiri et al., 2010]
10-7

Pore expansivity

1/°C

10-5

Fraction of organic carbon

0.0054 (measured)
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Table 4-2 Relative permeability and capillary curve input parameters in PetraSim
Relative permeability Corey’s
Capillary pressure
Van Genuchten
Slr

0.3

λ

0.5

Sgr

0.05

Slr

0.3

1/P0

5.1e-4

Pmax

1e7

Sls

1.0

Table 4-3 Model steps and initial conditions
Model run steps
action
Initial conditions
Step 1

Warm up

Step 2

Open outlet

4.3.3

P=1e5 Pa
T=20 °C
Xvocw=1e-5
Running result of step 1

Boundary conditions
No-flow at all boundaries;
Uniform power input along
the outer surface.
Top layer:
PI 0.125k or 0.625e-17
P=101325 Pa
Other boundaries are no
flow
boundary,
with
decreased power input to
maintain a constant temp

Simulation Results
The first step was to set up the analysis to heat the clay to the observed surface

and inner temperature in the time observed in the experiments. A uniform power input
along the out surface was adjusted to obtain the temperatures and heating time in the
model results that match the experiment result. The temperatures match the experiments,
though the corresponding pressure was much higher than observed in the tests (Figure 42). This pressure exceeds the saturated vapor pressure predicted using Clausius–
Clapeyron equation [Tong et al., 2010], so boiling is suppressed. It appears that only the
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very top layer at the outlet has pressure drop, slightly temperature decrease, water
saturation decrease, and removal of DCA (Figure 4-2a). A front seems formed at the top
layer and move further inside the clay at a slow rate.

For the flexible-wall test

temperature setting (110 °C), the mass of DCA after heating for more than a day remains
high (Figure 4-2b). The flow vectors suggest that the aqueous phase flows upwards with
much higher magnitudes than the gas phase that is essentially not present in the matrix
except the top layer (Figure 4-2c). The energy flows inwards and upwards from high
temperature to low temperature regions (Figure 4-2c).
The outlet was opened to the atmospheric pressure during step 2 while the surface
was maintained at the temperature used as a set point by the experimental control system.
The power input along the outer surface decreased to about 1/10 of the initial value to
maintain the center temperature.

This is consistent with experimental observations,

where the applied power decreased markedly once the temperature set point was reached.
Pressure of roughly 6×105 Pa is maintained throughout the experiment and this is
significantly larger than the maximum pressure ever observed in the tests (approximately
2×105 Pa). Transport of water and DCA was minimal during the simulations. Water
saturation was essentially 1 and there was no significant change in DCA concentration.
Vapor phase was produced and DCA was removed from only the upper grid layer in the
model. These results are in disagreement with the observations in the tests (Table 4-4).
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Figure 4-2
Model results. (a) Pressure, temperature, water saturation, and DCA
mole fraction in water along the clay length at t=4650 s after opening of the outlet, in the
rigid-wall test conditions. (b) DCA distribution in all phases, in mole fraction normalized
to the initial total moles, at t=1.25 d in the flexible-wall test conditions. (c) The outflow
vectors of water, gas phase, and energy, from left to right.
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Table 4-4

Difference between the model and the experimental results
TMVOC

Observations

Pressure

~ 8 atm

~ 2 atm

Boiling and recovery of DCA

At top outlet

In the matrix of the entire
length

Removal of DCA

<15%

90%

Water saturation

1 for most of the
length

Dry

4.4 ALTERNATIVE TRANSPORT MECHANISM
Fractures were readily apparent in all the clay specimens after heating and
fracture formation and growth during heating appears to play an important role in the
transport of water and DCA. Fractures were observed in the experiments when as little as
20% pore water was removed (Chapter 3). It seems plausible that fractures played a role
in transport of VOC through clay. Fracture growth is not represented in TMVOC, so this
omission may explain why that code was unable to predict the experimental observations.
Linear elastic fracture mechanics (LEFM) is commonly used to analyze crack
propagation in materials under stress [Algar et al., 2011; Boudreau et al., 2005; Johnson
et al., 2002; Konrad and Ayad, 1997; Germanovich and Lowell, 1995; Murdoch, 1993b;
1993c]. According to LEFM, cracks grow when the stress intensity at the crack tip
exceeds the critical material stress intensity, termed fracture toughness, KIC. This theory
assumes material response to stress is elastic, and three modes of fractures are defined.
Mode I fracture is open to a tensile stress normal to the fracture plane, mode II is sliding
or displacement along the fracture plane, and mode III is tearing or lateral displacement
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of the fracture edge [Johnson et al., 2002]. In this study, I will focus on mode I fracture,
an opening and propagation from tensile or internal pressure [Johnson et al., 2002;
Germanovich and Lowell, 1995].
There is scant work available on fracturing mechanism in clay during thermal
remediation, but import insights can be gained from studies of fracture growth in clays
under other conditions, including firing of ceramics [Gong et al., 1998], dissociation of
methane hydrates [Algar et al., 2011; Boudreau et al., 2005; Holtzman and Juanes, 2011;
Jain and Juanes, 2009; Johnson et al., 2002], and hydrothermal processes [Germanovich
and Lowell, 1995]. When heating clays, thermal loads induce stresses such as the pore
pressure increase as a result of thermal expansion of pore water and solids, tensile stress
within clay, as well as thermal induced deformation of clay [Hueckel et al., 2011; AbuelNaga et al., 2007a; 2007b; Mihoubi et al., 2002; Mihoubi and Bellagi, 2009b; Southen
and Rowe, 2011]. Pore pressure increase from differential thermal expansion of water
and solid grains when clay is heated is a common phenomenon in these studies. Clay can
form fractures due to the thermal induced stress and desiccation especially when the
heating rate is rapid [Gong et al., 1998]. Fracture formation can drop the pore pressure
and induce boiling as clay is heated to boiling temperatures [Germanovich and Lowell,
1995].
Gas phase (air and vapor) invasion in porous medium may be classified into two
modes: capillary pressure invasion and fracturing [Fauria and Rempel, 2011; Jain and
Juanes, 2009].

The former is the traditional multiphase flow associated with the

saturation of each phase. Low permeability matrix requires a high capillary pressure for
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invasion of gas, and the matrix may fail by fracturing before these high pressures are
achieved [Jain and Juanes, 2009]. In a pore-scale model, pressure buildup from hydrate
dissociation is constrained thermodynamically by the equilibrium pressure regardless of
the heat supply and sediment permeability [Holtzman and Juanes, 2011]. Because the
pressure build up is slower than dissipation by drainage, the overpressure caused by
thermally induced hydrate dissociation is also controlled by the capillary entry thresholds,
which depend on the mode of gas invasion [Holtzman and Juanes, 2011].

In low

permeability sediment, fracturing increases effective permeability for gas phase flow at a
pressure lower than the capillary threshold of fine pores [Holtzman and Juanes, 2011].
Fracturing allows gas invasion at a pressure lower than the original capillary threshold
and could be associated with sediment failure [Holtzman and Juanes, 2011].
Grain size is an important parameter in determining how gas bubbles accumulate
and invade into water-saturated sediments, and fracturing is identified as a preferred
mechanism in low-permeability systems [Holtzman and Juanes, 2011; Jain and Juanes,
2009]. In coarse-grained sands, gas percolates through capillary invasion; in fine-grained
sediments, high capillary entry pressure prevents capillary invasion, instead gas pressure
pushes grains apart and bubbles migrate as a result of initiation and propagation of a
fracture [Jain and Juanes, 2009].
Indeed gas bubbles are found to act as a driving force for opening a fracture in
low permeability material, such as marine sediments, during hydrate dissociation [Barry
et al., 2010; Boudreau et al., 2005; Holtzman and Juanes, 2011; Johnson et al., 2002].
The bubbles in sediments are observed to be shaped like a thin oblate spheroid, with a
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major axis, 2a, and minor axis, 2b. This is important because this shape resembles a
“penny-shaped” crack that can concentrate stresses in the enveloping soils and force the
crack open [Algar et al., 2011; Boudreau et al., 2005]. In contrast, gas bubbles in a high
permeability sand materials show a spherical shape indicating a different mechanism
[Boudreau et al., 2005].
4.4.1 Conceptual Model
A conceptual model of the thermal remediation process starts with thermal
expansion of water during initial heating. This causes the pore pressure to increase
[Hueckel et al., 2011; Baston et al., 2010; Palciauskas and Domenico, 1982]. The
volumetric thermal expansion coefficient of water is roughly ten times greater than that
of clay [Abuel-Naga et al., 2007b; Tong et al., 2010], so heating causes the pore water to
expand more than the solid grains, putting stress on the solids.
Sufficient expansion of the water will cause pores to grow as fractures, providing
a propagation criterion is satisfied. Large, and favorably oriented and shaped pores will
grow preferentially. If this process is only driven by thermal expansion, the extent of
fracture growth will be small. However, fracture growth will cause water pressure in the
fracture to decrease, and this will reduce the temperature required to reach the saturated
vapor pressure (SVP).
The system is particularly sensitive to decreases in pore pressure once P-T
conditions are at the SVP curve. This is because a pressure drop will decrease the
equilibrium temperature on the SVP curve, which releases sensible heat and consumes
latent heat, producing water vapor. Pressure drop is an important aspect of fracture
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propagation, so the low permeability of the clay will partially control this process by
slowing the propagation of a pressure front [Holtzman and Juanes, 2011; Xu and
Germanovich, 2006]. Ultimately, the pressure in the pores does drop and this induces a
large increase in fluid volume accompanying phase change during boiling.

The

generation of steam accelerates fracture growth, potentially causing neighboring fractures
to interact, coalesce and create a percolating network. Additional input of thermal energy
causes further production of vapor. Once boiling is occurring, steam can strip VOCs out
by increasing the partitioning to the vapor phase [Udell, 1998]. These processes also
effectively increase the permeability, which accelerates the removal of steam and VOCs
from initially tight clays.
The implication is that thermal remediation in relatively high permeability
materials is controlled by conventional multiphase flow and transport in porous media
with a permeability large enough to limit the pressure increase. Thermal remediation in
relatively low permeability materials will likely be too slow to be practical if the
processes are constrained by conventional processes in elastic porous media.
Deformation of the porous media by fracturing will markedly increase effective
permeability, and this appears to be a mechanism for increasing the rate at which
contaminants can be removed from low permeability media.
4.4.2 Fluid Pressure during Heating
Pore pressure is controlled by thermal expansion, fluid flow, and fracture growth.
Basic constraints on those processes are outlined below.
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4.4.2.1 Pressure constrained by thermal expansion
An energy balance during heating gives the rate of temperature increase as

dT
W
=
dt VT c p ρb

(4-4)

where W is the heating power transferred to the porous media, VT is total volume of clay,
ρb is the wet bulk density, cp is the bulk heat capacity of clay. Table 4-5 provides the
various parameters and their values and units used in the analysis.
Heating in a porous medium causes expansion of water and solids. The density of
water decreases by approximately 4% as it is heated from 20 °C to 100 °C (998 to 958
kg/m3), and the specific volume increases by a similar amount. The expansion increases
to 6.8% when water is heated to 130 °C from 20 °C (specific volumes of water at
different temperatures refer to [Incropera et al., 2007]). The strain is quantified as α ∆T,
where α is the coefficient of thermal expansion and ΔT is temperature increase [AbuelNaga et al., 2007b]. The volumetric thermal expansion coefficient, used in later context,
is three times of the linear thermal expansion coefficient [Palciauskas and Domenico,
1982]. The volumetric coefficient of thermal expansion is 3.5×10-5 °C-1 for clay particles
[Campanella and Mitchell, 1968] and it ranges from 2×10-4 °C-1 for water at 20 °C to
7×10-4 °C-1 at 100 °C [Tong et al., 2010]. The thermal expansion coefficient of water is
an order of magnitude greater than that of clay grains, and thermally induced porosity
change in clay is negligible as suggested from several studies [Abuel-Naga et al., 2007b;
Romero et al., 2003; Towhata et al., 1995].
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Table 4-5 Symbol definitions and values
Definition

Symbol

Value

Thermal expansion coefficient of water (/°C)

αw

5x10-4 (3)

Initial fracture length or radius (m)

a0

0.001

Dimensionless initial fracture thickness

b0’

b0/ a0, assumed to be 0.1

Heat capacity of bulk clay (J/kg °C)

cp

1960.6

Latent heat

CL

2260 kJ/kg or 40 kJ/mol

Young’s modulus (Pa)

E

Fraction of water removed by boiling

f

107 (clay) (2)
109 (sandstone) (5)
-

Fracture toughness (Pa m1/2)

KIC

Bulk modulus of water (Pa)

Kw

Bulk modulus (Pa)

Kb

Sample length (m)

L

Molecular weight of water (kg/mol)

MWw

Porosity

n

universal gas constant (J/mol K)

R

0.6 (clay)
0.2 (sandstone)
8.314

Total volume of clay sample (m3)

VT

5×10-4

Power input

W

20 to 40 W

Dimensionless temperature
Fluid viscosity (Pa·s)

T*
µ

Bulk density (kg/m3)

ρb

T/(CL/R) for T in Kelvin
10-5 for vapor(7), and 2.8×10-4
for water at 100 °C (1)
1742.5 (see Table 4-1)

Water density (kg/m3)

ρw

1000

Steam density (kg/m3)

ρv

0.59 (@100 °C) (1) (7)

Density ratio for water/steam

ρR

1695

103 (clay) (2)
106 (sandstone) (5)
2.2×109 Pa(4)
107 (clay) (2)
109 (sandstone) (5)
0.25 (clay)
0.3 (sandstone)
0.018

Poisson’s ratio
ν
0.3 (5) (6)
Source: (1) [Tong et al., 2010]; (2) [Murdoch, 1993a; Murdoch, 1993b; Murdoch,
1993c]; (3) [Palciauskas and Domenico, 1982]; (4) [Germanovich and Lowell, 1995]; (5)
[Nara et al., 2011]; (6) [Konrad and Ayad, 1997]; (7) [Incropera et al., 2007]

163

Table 4-6

Parameters from experimental tests
Flexible-wall
(Test B3 in Chapter 3)
Power input W’=W/VT
4e4

Rigid-wall
(Test A1 in Chapter 3)
8e4

(W/m3)
Confining pressure σc (Pa)

2e5

1.5e5 (assumed)

Rv (1/s)

4e-6

1e-5

Tb in °C, Pb in Pa

125, 2.3e5

117, 1.8e5

Tb*

0.08

0.08

ab*

1.06

1.11

bb*

0.1

0.1

Temperature change ΔT

-15

-30

Change in time Δt (s)

1800

1030

X (1/s) in Eq. (4-32)

1.35

3.1

Θ (1/K) in Eq. (4-32)

135

139

dT
(K/s)
dt

-0.01

-0.03

dT *
(/s)
dt

-1.7e-6

-6.0e-6

-1.1

-4.1

X (1/s) in Eq. (4-39)

0.184

0.549

Θ (1/K) in Eq. (4-39)

18.4

24.5

B in Eq. (4-39)

0.136

0.177

(K) during depressurization

Θ

dT
(1/s) in Eq. (4-32)
dt

It follows that the rate of volumetric expansion per unit volume of clay is

Rv =

W αwn
VT c p ρb
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(4-5)

where αw the thermal expansion coefficient of water, and n is is the porosity of the media.
Assuming the sample is contained within an ideal, rigid container. The rate of
pressure increase is
K W α wn
dP
= Rv Kb = b
dt
VT c p ρb

(4-6)

where Kb is the bulk modulus of the clay. All the pressure used throughout the analysis is
absolute pressure unless otherwise stated.
The path on the water phase diagram where pressure is plotted as a function of
temperature (P-T diagram) follows a slope of

dP
= Kbα w n
dT

(4-7a)

according to (4-4) and (4-7). Integrating gives
P = P0 + K bα w n(T − Ti )

(4-7b)

where P0 and Ti are initial pressure and temperature at ambient condition (101325 Pa and
20 °C). This shows that heating will follow the same line on a phase diagram regardless
of the power density, assuming a constant αw. An example can be obtained using the Kb,
estimated to be 107 Pa for soft clay [Murdoch, 1993a; 1993b; 1993c], αw=5x10-4 oC-1 (a
value between 20 °C to 100 °C) [Palciauskas and Domenico, 1982], and n=0.6. Using
these values gives dP/dT≈3 x 103 Pa/oC. This P-T line is slightly curved in 20 °C to 150
°C if αw is treated as a function of temperature [Tong et al., 2010]. For illustration
purposes, a straight line with the intermediate value of αw is used in the following.
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4.4.2.2 Pressure constrained by boiling
Heating soil in a sealed system will cause the pressure and temperature to rise,
rise
according to Eq. (4-7b).
).

The volume change in the system is ignored, so thermal

expansion only changes the pressure. However, the pressure
essure will not increase at this rate
indefinitely. One possibility is that the pressurization curve intersects the saturated vapor
pressure (SVP) curve characterizing the boundary between liquid and vapor phases. The
pressurization curve intersects the saturated vapor pressure curve at approximately
P=5x105 Pa and T=150 °C,
C, so additional heating above 150 °C
C would cause the pressure
to increase at rate greater than that given by Eq. (4-7a) in Figure 4-3. No contaminants
are recovered because the system is sealed, so this scenario only serves as an endend
member example.

Figure 4-3
Pressure as function of temperature for saturated clay heated in a closed
vessel (green line). Diamond is typical starting pressure and temperature during
experiments (20 °C and 105 Pa)
Pa). Heating follows the yellow path with the slope given by
Eq. (4-7a), intersecting the SVP curve (dashed line) at the yellow and red circle.
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4.4.2.3 Pressure constrained by flow
Opening the valve and allowing flow to occur will also constrain the pressure.
Thermal expansion of water causes Eq. (4-5) to resemble a distributed volumetric source.
In analogue to hydraulic analysis [Fetter, 2001], assuming 1-D flow along the length of
the cell and using a constant pressure boundary condition at one end and a no-flow
condition at the other gives the maximum pressure at the sealed end as:
P1 =

Rv L2γ w W α w n L2 µ
=
2K
VT c p ρb 2k

(4-8)

where L is the length of the clay in the cell, γw is the specific gravity of fluid, g is gravity,
K is hydraulic conductivity, µ is the fluid viscosity, and k is the intrinsic permeability of
the medium and K=kγw/µ.
The pressure P1 occurs at the sealed end of apparatus under steady state
conditions. In general, temperature increases until P1 is reached, but the actual trajectory
in P-T space will be bounded by the thermal expansion Eq. (4-7b) and P=P1 curves. The
specific path will depend on the rate of heating and other factors (Figure 4-4). If the
saturated vapor pressure curve is intersected before P1, then the pressure increases along
the SVP curve (Figure 4-4).
The maximum pressure, P1, depends on the power input and the hydraulic
conductivity according to Eq. (4-8), so it will span a range of values for the different
experiments. For tests using Berea sandstone, for example, P1ss≈103 Pa, whereas tests
using the lower permeability clay give P1c≈106 Pa based on parameters in Table 4-5.
These values of pressure are in excess of atmospheric pressure.
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A material with

permeability about ten times greater than the kaolin (k of silt) would give P1sl≈105 Pa
(Figure 4-4).
The value of P1 for clay (1 MPa), corresponds to a saturated vapor temperature of
180 °C according to Clausius–Clapeyron equation [Tong et al., 2010], which is 30 °C
hotter than the highest set temperature in the rigid-wall cell. It is unlikely that this
pressure was ever reached during the experiments. This is important because even
though we recognize that pressures can be constrained by flow (e.g., Eq. 4-8) it appears
that this process did not occur during the experiments where clay was used.

4x105

P (Pa)

3x105

P1sl
2x105

P1ss
105
50

100

150

o
T ( C)
Figure 4-4
Pressure as a function of temperature in an open, permeable system.
Green line is pressurization from thermal expansion only, according to Eq. (4-7b). P1 is
the maximum pressure in different materials defined in text (subscript ss is sandstone and
sl is silt), according to Eq. (4-8). Heating follows orange curves, eventually ending at the
red and blue circle. Dashed line is the SVP curve.
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4.4.2.4 Pressure constraint by fracturing
Thermal expansion in a material with a low effective permeability may cause
fractures to form before the pressure P1 is reached.

In this case, “low” effective

permeability would favor the formation of fractures rather than flow. Increasing the pore
pressure may cause the porous material to fail by thermally driven hydraulic fracturing.
Based on linear elastic fracture mechanics (LEFM), hydraulic fractures are assumed to
propagate when the Mode I stress intensity, KI, equals a critical value, KIc, called the
fracture toughness [Konrad and Ayad, 1997; Germanovich and Lowell, 1995; Murdoch,
1993a; 1993b; 1993c]. This propagation criterion appears to be valid for water saturated
clay [Murdoch, 1993a; 1993b; 1993c].

The general assumption is that a fracture

nucleates on the largest, favorably oriented flaw or pore. Assuming the flaw is shaped
like a circular disk of radius, a, the fluid pressure when propagation would occur is given
by
Pf = ∆P + σ c =
∆P =

π
2

π
2

K IC a −1 / 2

K Ic a −1/ 2 + σ c

(4-9)

(4-9a)

where σc is the confining stress. This provides an additional constraint on the pressure.
For example, using representative values from Table 4-5, where a=a0, the half-length of
large pores in the clay, gives Pf = σc+28 kPa. This is a modest increase in pressure (~4
psi) above the confining pressure. The maximum pressure constrained by fracturing is
shown as Point 2, intersection of Paths A and B in Figure 4-5. Fractures are expected to
orient with the maximum compressive stress [Germanovich and Lowell, 1995]; in the
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flexible-wall cell, that is assumed to be in the plane of confining pressure, i.e., horizontal,
as often observed in the tests (Chapter 3). A changing stress field would result different
orientated fractures.

Figure 4-5
Pressure as a function of temperature during heating in an open, low
permeability system. ∆Tf, ∆Tf1, and ∆Tfc defined by Eq. (4-13), (4-14) and (4-16). σc is
confining pressure and Pf is the fluid pressure in Eq. (4-9). P1frx is P1 defined by Eq. (48), which is dropped after the effective permeability has been increased by fracturing.
Heating follows yellow path. Point 1 is the initial state, Point 2 is the initiation of
fracturing, pt 3 is the start of boiling in the fracture, pt 4 is the flow-constrained
maximum pressure after fracturing, and Point 1c is the confining pressure state. Path A is
thermal expansion before fracturing (Eq. 4-7); Path B (Eq. 4-13) and Path C (SVP) are
fracture propagation prior to and during boiling.
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4.4.3 Fracture propagation
After the pressure reaches the fracturing criteria Eq. (4-9), the pores start to
lengthen termed as fracture propagation. This process can take place prior to and during
boiling.
4.4.3.1 P-T trajectory during fracture propagation prior to boiling
Pore pressure will decrease when the critical pressure for propagation is reached
and favorable pores start to lengthen by propagation. The temperature will also change
and the trajectory in P-T space can be described by considering the change in volume of a
fracture caused by a change in pressure ∆P [Germanovich and Lowell, 1995; Sneddon,
1951; Tada et al., 1985]:

∆V = V − Vo =

16(1 −ν 2 )a3
∆P
3E

(4-10)

where ν and E are the Poisson’s ratio and Young’s modulus, a is the length or radius of
the fracture, ΔP is the fluid pressure in excess of the confining pressure, and the initial
volume Vo of a fracture, corresponding Point 2 in Figure 4-5, is given as [Germanovich
and Lowell, 1995]:
Vo =

4π 2
ao bo
3

(4-11)

with bo the initial half aperture.
The pressure change in the fracture due to a change in fluid volume or
temperature is [Germanovich and Lowell, 1995]
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∆V
+ α w K w ∆T
V0

∆P = − K w

(4-12)

where Kw is the bulk modulus of pore water and αw is the thermal expansion coefficient of
water, and ΔT is temperature change from initial fracture temperature (Tc at point 1c in
Figure 4-5) at initial fracture volume Vo [Germanovich and Lowell, 1995]. Substituting
(4-9), (4-10), and (4-11) into (4-12) and solving for ∆Tf, the temperature change during
fracture growth (Path B in Figure 4-5) in terms of fracture length and pressure change:
∆T f =

∆T f =

K IC π
2α w K w a0

( a ' −1 / 2 +

4(1 − ν 2 ) K w a '5 / 2
)
πEb0 '

1
( ∆ P + C1 ∆ P − 5 )
αwK w

a' =

bo' =

E' =

(4-13a)

(4-13b)

a
ao

(4-13c)

bo
ao

(4-13d)

E
(1 − ν 2 )

C1 =

(4-13e)

π 2 K w K IC 6
3

16E ' a0 b0

'

(4-13f)

The critical temperature when fractures first start to grow follows from (4-13a)
is given when a’=1 as
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∆T f 1 ≈

2 K IC

α w E ' b0 ' πa0

(4-14)

with the assumption of
Kw
E ' b0

'

>>1

(4-15)

This seems reasonable for clay with the representative values in Table 4-5.
Eq. (4-14) can be evaluated by considering representative values in Table 4-5,
giving ∆Tf1=65 oC for clay and 650 °C for sandstone. Keep in mind that this is the
temperature in excess of the temperature required to raise the pressure to the confining
pressure (Point 2 in Figure 4-5).

The total temperature increase from the initial

temperature is (Figure 4-5)

∆T fc =

σ c − P0
2 K IC
+
α w nK b α w E ' b0 ' πa0

(4-16)

where the first term is to increase temperature and pressure to reach the confining
pressure from the initial atmospheric pressure, P0=105 Pa, along the previously defined
dP/dT slope. This term is estimated to be ~30 °C in excess to the initial temperature T0
(Point 1 in Figure 4-5) using the representative values and a confining pressure 2×105 Pa.
In contrast, the KIc for Berea sandstone is estimated to be three orders of
magnitudes greater than that of the clay [Nara et al., 2011]. So ΔP would be larger, and
to create the same sized fracture, ΔTf1 is required to be ten times of that for clay with a
two orders of magnitudes higher E’, using the values in Table 4-5.
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Smaller sized

fractures require even larger ΔTf1 according to Eq. (4-14). Hence it is unlikely to create
fractures in Berea sandstone under the same maximum set temperature.

In the

experiments for Berea sandstone, the outlet was opened briefly during heating to release
pressure, which also prevents fracturing [Chen et al., 2010].
The fracture propagation evaluated by Eq. (4-13a) and (4-13b) is shown in Figure
4-6a based on the representative values for clay in Table 4-5. As seen in Figure 4-6a for
the dimensionless fracture length versus ΔTf, the initial state of fracture is at the point (0,
1). As the temperature increases in the fluid-filled fracture, the point moves along a’=1
until it intersects with the curve depicted by Eq. (4-13a). Then the fracture growth
follows this curve as the temperature continues to increase.

In the experimental

temperature range (100 °C≤T≤150 °C), the fracture propagation is less than a factor of
two.
The fracture growth curve based on Eq. (4-13b), Path B, is plotted along with the
thermal expansion Path A (Eq. 4-7) and saturated vapor pressure (SVP) curve (Figure 46b). From the initial PT state at ambient pressure and room temperature, pressure
increases with temperature as heating starts following the slope defined by Eq. (4-7) for
thermal expansion of pore water.

As the pressure reaches Point 2 for the fracture

initiation criterion in LEFM theory, it then follows the nearly horizontal curve defined by
Eq. (4-13b) for liquid-filled fracture growth till it intersects with SVP curve, when water
in the fractures starts to boil.
Before boiling, the liquid-filled fracture growth along path B in Figure 4-5 could
be estimated with ΔP in Eq. (4-13b). Notice here the estimates for temperature at point 2
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in Figure 4-5 show a difference using Eq. (4-14) and Eq. (4-7) as the slope of path A.
The former gives ∆Tf1≈65 °C while ∆Tf1≈10 °C is obtained from the latter. They both
correspond to ∆P≈28 kPa that satisfies Eq. (4-9) in LEFM, based on the representative
values in Table 4-5 for the clay. In Figure 4-6b, ∆P≈28 kPa seems slightly lower than the
intersection of path A and curve of Eq. (4-13b), as pressure slightly declines along Path
B. There may be a transition period when this ∆P is reached and remains relatively
stable. The deviation is further estimated as follows. Keep in mind the estimations are
more of an order of magnitude analysis using the representative values in Tables 4-5 and
4-6, not for an exact match of the experimental data. Point 2 is still shown as the
initiation state for fracture growth in the conceptual analysis (Figure 4-5).
Inserting Eq. (4-10) and (4-11) into (4-12) and assuming a0 is maintained (i.e.,
a=a0 in ΔV), it gives the trajectory of Path A’ (Figure 4-6)
P −σc =

∆P
=
∆T

αwKw
4a K
1+ 0 w
E ' πb0

αwKw
4a K
1+ 0 w
E ' πb0

(T − Tc )

(4-17)

(4-17a)

This slope is much lower than that of Path A, and it only applies to the pressure
range σc≤P≤Pf before the onset of fracture propagation. Once the fluid pressure exceeds
the confining pressure, it suggests the PT trajectory may go along Path A’ or Path B
between the intersections with Path A and C (Figure 4-6). They both represent a slow
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propagation of pores. The paths may suggest the spontaneous unstable crack propagation
[Konrad and Ayad, 1997]. It also appears that the propagation is so small during Path B
or Path A’ that it almost approaches to SVP at the end of the unstable growth (Figure 46), i.e., the points Pf and Pb are very close in this situation based on the representative
values in Table 4-5.

4.E+05

P (Pa)

4.E+05
3.E+05
3.E+05

Path B
Pf

2.E+05
2.E+05

ΔTf1

1.E+05
0

50

100

150

T (deg C)
Figure 4-6
Pressure as a function of temperature during heating in the clay
estimated using the representative properties. Path A, A’, and B are defined by Eq. (47a), (4-17), and (4-13b). ∆Tf1 is defined by Eq. (4-14). Circle is the confining pressure
and the corresponding temperature along Path A. Pf is the fluid pressure at onset of
fracture propagation in Eq. (4-9).

The dimensionless half fracture length, a’ is plotted with ΔTf and T=Tc+ΔTf in
Figure 4-7(a) and (b) in the temperature range below 150 °C, which is the maximum set
temperature in the experiments. Pressure is also plotted with T in Figure 4-7(c). The
temperature increase from the initial state required for fracture growth, ΔTfc, for the rigid-
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wall is lower than for the flexible-wall is estimated 98 °C and 81 °C, respectively, using
the clay properties and the test parameters in Tables 4-5 and 4-6.

The different

temperatures for the start of fracture growth are a result of the different confining
pressures. The higher confining pressure requires a higher temperature increase to reach
the onset of fracture propagation in the same material (Figure 4-7c). The higher one
assembles the flexible-wall cell whereas the lower one represents the rigid-wall cell in the
experiments.
It appears that expanding water could initiate fracture propagation during heating
and prior to the onset of boiling, depending on a lower confining pressure applied to the
clay sample. In the case where the two tests are set for the same confining pressure, the
red and blue lines would be overlapped in Figure 4-7b and c.
The estimated intersections of the pathways are graphically and mathematically
solved with the representative values in Tables 4-5 and 4-6. They are provided in Table
4-7. Except the uncertainty for Point 2, these values can be used to reasonably explain
the two experimental conditions. Conditions in the rigid-wall experiments seem more
likely to reach the SVP with extra temperature increase whereas the flexible-wall can
barely touch the SVP because of the lower set temperature.

The higher confining

pressure in the flexible-wall appears to add resistance for reaching the SVP.
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Figure 4-7
Fracture propagation prior to boiling. (a) Dimensionless fracture length
as a function of temperature change required for fracture growth in clay using Eq. (413a). Circle is the initial fracture size. (b) Trajectory of experiments on P-T diagram
according to analyses and parameters in Tables 4-5 and 4-6. Diamond is the initial
condition of the experimental tests. Arrows are paths of the fracture growth in (a) and (b).
(c) Dimensionless fracture length as a function of temperature (T=Tc+ΔTf) starting from
a’=1. Effect of the confining pressure is shown for the fracture growth in the clay,
assuming different Tc for different σc.
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Table 4-7
Path

Estimate of heating paths
Equation Point(T, P)
number

Estimate value for (T, P) in clay
Rigid-wall

Flexible-wall

A

(4-7)

1 (T0, P0)

(20 °C, 1e5 Pa)

(point 1 to 2)

(4-7)

1c (Tc, σc)

(36 °C, 1.5e5 Pa)

(53 °C, 2e5 Pa)

2(Tf, Pf)

(45 to 101 °C,

(62 to 118 °C,

1.8e5 Pa)

2.3e5 Pa)

(4-9)
B (point 2 to 3)

(4-7)
or (4-13)

C

(4-20)

3(Tb, Pb)

(117 °C, 1.8e5 Pa)

(125 °C, 2.3e5 Pa)

(point 3 to 4)

(4-18)

4(T1frx, P1frx)

(100 to 117 °C,

(100 to 125 °C,

1e5 to 1.8e5 Pa)

1e5 to 2.3e5 Pa)

Once the outlet valve is open to depressurize, the pressure may be constrained by
flow as defined by Eq. (4-8). This process is not applicable to pristine clay where the low
permeability restricts flow, but it seems likely that the permeability increases during
fracturing. Increases in the effective permeability would drop the maximum pressure in
the apparatus, denoted as P1frx, as shown in Figure 4-5.
Pressure is either constrained by fracturing in relatively low k material or by flow
in relatively high k formations. An estimate of the critical value of the permeability that
bounds these two behaviors is given by equating P1 in (4-8) with Pf in (4-9) as
kc =

W ' α w nL2 µ ao
c p ρb ( π K Ic + 2 ao σ c )

(4-18)

The interpretation is that fluid flow will limit pressure increase when k>>kc, but
fracture growth will dominate when k<<kc. The behavior of the system when k<<kc is for
the pressure to increase along the thermal expansion line given by Eq. (4-7) until the
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temperature has increased by ∆Tfc (Figure 4-5).

Fractures start to form at this

temperature. The pressure required for fractures to grow decreases as the length of a
fracture increases, based on Eq. (4-9), shown as the trajectory from points 2 to 3 in P-T
space (Figure 4-5) defined implicitly by Equation (4-13b).
The critical value of kc is estimated to be 10-15 m2 and 10-16 m2 for rigid-wall and
flexible-wall, respectively, using the representative values for the clay in Tables 4-5 and
4-6, and it is estimated to be 10-18 m2 if using the values for Berea sandstone.
4.4.3.2 P-T behavior during fracture propagation while boiling
The P-T behavior under boiling conditions can be evaluated by using the
Clausius–Clapeyron equation for the saturated vapor pressure [Tong et al., 2010]:

P = P0 exp[−

CL 1 1
( − )]
R T T0

(4-19)

Assume T0 and P0 are the reference temperature and pressure, usually at 373 K
(100 °C) and 105 Pa [Tong et al., 2010]. The pressure Pb is when boiling first occurs and
it corresponds to Tb (Point 3 in Figure 4-5), so ∆P in Eq. (4-13b) equals Pb-σc and Pb
satisfies Eq. (4-19), the saturated vapor pressure. Also Tb=Ti+ΔTfc+∆T where Ti is the
initial temperature and ΔT is the temperature change on liquid-filled fracture growth to
intersect with the saturated vapor pressure curve (i.e., Path B from Point 2 to Point 3 in
Figure 4-5 and Figure 4-6c).
Substituting Eq. (4-19) for P to Eq. (4-13b) gives the temperature when boiling
first takes place in the fracture (point 3 in Figure 4-5 and 4-6b):
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Tb =
C1 =

CL 1 1
CL 1 1
( − )
( − )
1
[( P0 e − R Tb T0 − σ c ) + C1 ⋅ ( P0 e − R Tb T0 − σ c ) −5 ] + Ti + ∆T fc
αwK w
(4-20)
6
K w K IC π 2

16 E ' b ' 0 a ' 0

3

Tb and Pb can be also found graphically in Figure 4-7b based on the representative
values. (117 °C, 1.8× 105 Pa) and (125 °C, 2.3× 105 Pa) are found for the two different
confining pressure applied, 1.5×105 Pa and 2×105 Pa. It appears a higher confining
pressure requires a higher temperature to intersect with the SVP curve for boiling to
occur in fractures. The dimensionless fracture length at the two states is found in Figure
4-7 to be 1.11 and 1.06, respectively. These lengths will serve as the new initial starting
points for fracture growth during water boiling. These points will be the new references.
Propagation of the fractures may continue after conditions reach the saturated
vapor pressure providing a propagation criterion (Eq. 4-9) is satisfied. Steam is produced
under these conditions and it seems reasonable to expect that the volume change
accompanying the phase transition could drive fractures. Accordingly, in some cases
crack growth may be limited by the pressure required to cause propagation, whereas in
others the volumetric rate of steam production may limit crack growth.
Growth constrained by pressure

The pressure is assumed to follow the saturated vapor pressure using the new
reference (Eq. 4-18), and also assuming that the pressure is constrained by propagation
(Eq. 4-9) gives:

π
2

K Ic a

−1 / 2

= Pb e

181

 CL
1
1 
− (

 R T + ∆T − T ) 

b
b 

−σc

(4-21)

Solving for the dimensionless fracture length a*=a/ab with ab is the fracture
length at point 3, the starting point for water boiling in the fracture. The reference values
(Tb, Pb), are taken at the intersection of path B and path C in Figure 4-5. The liquid-filled
fracture at this point serves as the initial fracture for path C in the following analysis.
The dimensionless temperature T * = T

R
= T / 4893 where R is the universal gas
CL

constant, 8.314 J/mol K and CL is the latent heat of water, 40 kJ/mol, and T is in Kelvin.
ΔT is negative for fracture growth indicating downward trajectory along the SVP curve.

This occurs because of depressurization due to opening of the outlet valve.
Length constrained by pressure (denoted by subscript p) is obtained by
substituting Pb using Eq. (4-9) to Eq. (4-19) using the reference (Tb, Pb):

π
2
aP

K Ic a

* −1 / 2

−1 / 2

=(

2

K Ic ab

−1 / 2

+ σ c )e

a −1 / 2
A −1
= A+
)
ab
B

aP = ( A +
*

=(

π

 CL
1
1 
− (

 R T + ∆T − T ) 
b
b 


−σc

(4-22)

A − 1 −2
)
B

where
A=e
B=

−

CL
1
1
(
− )
R Tb + ∆T Tb

=e

−(

1
1
)
−
Tb *+ ∆T * Tb *

π / ab K IC
2σ c

(4-22a)

These terms A and B are for SVP and LEFM criterion to be satisfied, respectively.
When the confining pressure decreases to zero, and term B would drop from Eq. (4-22)
and the pressure constrained fracture growth would be
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a P = A −2
*

(4-22b)

Introducing the rate of change of the temperature allows Eq. (4-21) to be written
as a function of time to facilitate comparison to experimental data.
−(

A=e

1
1
)
−
dT *
Tb *
Tb *+
∆t
dt

(4-22c)

The value of a P * is evaluated with time (Figure 4-8) using both Eqs. (4-22) and
(4-22b). Based on the simplified Eq. (4-22b), the rigid-wall test shows a continuing
increasing at a rapid rate in tens of minutes by 10-fold while the flexible-wall test slowly
increases within less than an order of magnitude. The terms for SVP and fracturing
criterion seem dramatically different from Eq. (4-22b) as to create a pulse in a fairly rapid
time period and then drop to below 1, the initial value. This drop may indicate a closing
of the fractures with cooling as temperature drops along SVP curve. The pulse peaks
appear physically impossible as a singularity (not shown) of Eq. (4-22). The pulse of
pressure constraint in the flexible-wall lasts for a longer duration than that of the rigidwall.
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Figure 4-8
Fracture propagation during boiling constrained by pressure. Solid lines
are for the flexible-wall and rigid-wall cell tests based on Eq. (4-22) and dashed lines are
for the same two tests based on Eq. (4-22b). Different σc is applied for the tests
according to Table 4-6.
Growth constrained by volume

Considering the energy balance for water boiling in the clay:
Ein = W∆t
Eboiling = fVT nC L ρ w

(4-23)

E depressurization = ∆E = c p ρ bVT ∆T
where Ein is input energy, Eboiling is energy consumed by boiling, ∆E is the energy
released by temperature drop from depressurization, f is the fraction of water boiled, and
CL is the latent heat of water.
The rate of vapor production can be evaluated by considering the fraction of the
total water boiled in the fracture as:
f =

c p ρb
W∆t
−
∆T
VT nC L ρ w nC L ρ w
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(4-24)

So the first term is the water boiled by the applied heat the second term assumes that a
temperature decrease on the SVP curve releases sensible heat that is consumed by
boiling. And introducing the rate of temperature change to water boiling as
f =(

c ρ dT
W'
− p b
)∆t
nCL ρ w nCL ρ w dt

W
W '=
VT

(4-24a)

or, in terms of volume produced from the condenser, i.e., f in (4-24a) times VT n:
Vc = (

W
CL ρ w

−

VT c p ρ b dT
)∆t
C L ρ w dt

(4-24b)

The change in the volume of fluid in the fracture is
V frx − Vb = Vb f ( ρ R − 1)

(4-25)

where ρR=ρw/ρv, density ratio of liquid water to water vapor. It is assumed that this
happens uniformly at each pore/fracture. The volume of an individual fracture is (derived
from Eq.(4-10)) [Germanovich and Lowell, 1995]

V frx − Vb =

16 3
3
(a ∆P − ab ∆Pb )
'
3E

(4-26)

∆Pb = Pb − σ c
Rearranging for ΔP:


 3E ' (V frx − Vb )
3
∆P = Pf − σ c = 
+ ab ∆Pb a −3


16



(4-26a)

Length constrained by volume of the water vapor produced during boiling
(denoted by subscript v) can be obtained by equating Eq. (4-26a) and (4-21) and using Tb,
Pb for reference:
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C
1
1
− L(
− )
 3E ' (V frx − Vb )
 −3
3
R Tb + ∆T Tb


+ ab ∆Pb av = Pb e
−σc


16



−

av

−3

=

16( Pb e

CL
1
1
(
− )
R Tb + ∆T Tb

−σc )

(4-27)

3E (V frx − Vb ) + 16ab ( Pb − σ c )
3

'

Inserting Eqs. (4-9), (4-11), (4-21), and (4-25) into Eq. (4-27):
av

−3

av
ab

=

8 π K IC a v

4πE ' ab bb f ( ρ R − 1) + 8 π K IC a b
3

−5 / 2
−5 / 2

−1 / 2

= av

* −5 / 2

*

=

5/ 2

2 K IC

πab E ' bb * f ( ρ R − 1) + 2 K IC


2 K IC
av = 
 πa E ' b * f ( ρ − 1) + 2 K
b
b
R
IC

*

bb = bb / ab
*






(4-28)

(4-29)

−2 / 5

(4-30)

(4-31)

Substituting Eq. (4-24a) for f to Eq. (4-30):
av

*

 
dT  
= 1 +  Χ − Θ
∆t
dt  
 

2/5

W ' E ' bb ( ρ R − 1) πa b
*

Χ=

2 K IC nC L ρ w

(4-32)

c p ρ b E ' bb ( ρ R − 1) πab
*

Θ=

2 K IC nC L ρ w

where X and Θ describe the role of externally applied heat and sensible heat released by
depressurization.
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Alternatively, the confining pressure can be introduced while keeping the SVP
condition during the derivation for av* from Eq. (4-27):
−

av

* −3

=

16( Pb e

CL
1
1
(
− )
R Tb + ∆T Tb

3E (V frx − Vb )ab
'

−3

−σc )

(4-33)

+ 16( Pb − σ c )

Inserting Eqs. (4-11), (4-23), and (4-31) to Eq. (4-33) gives
−

av

* −3

=

4( Pb e

1
1
CL
(
− )
R Tb + ∆T Tb

−σc )

(4-34)

E fπ ( ρ R − 1)bb + 4( Pb − σ c )
'

*

Inserting Eqs. (4-11), (4-23), and (4-31) gives

av

*

C
1
1
− L(
− )


R Tb + ∆T Tb
−σc ) 
 4( Pb e
= '

*
 E fπ ( ρ R − 1)bb + 4( Pb − σ c ) 



−1 / 3

(4-35)

Inserting Eq. (4-9) for Pb and ( Pb − σ c ) :

av

*

C
1
1


− L(
− )
−1 / 2
R Tb + ∆T Tb
+ 4σ c )e
− 4σ c 
 (2 π K IC ab
=

−1 / 2
*
E ' fπ ( ρ R − 1)bb + 2 π K IC ab





−1 / 3

(4-36)

Rearranging and divided by σ c gives:

av

*

1
1
C
− L(
− )

 π / ab K
R Tb + ∆T Tb
IC
+ 1)e
− 1
(
2
σc

=
 E 'π ( ρ − 1)b *
π / ab K IC 
R
b


f +
4σ c
2σ c



−1 / 3

Now substituting Eq. (4-22a) to simplify and inserting Eq. (4-24a) for f:
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(4-37)

av

*





( B + 1) A − 1


=

 E 'π ( ρ R − 1)bb *
c
ρ
W'
p b dT
(
)∆t + B 
−

4σ c
nC L ρ w nC L ρ w dt



−1 / 3

(4-38)

Similar to Eq. (4-32), it gives

av

*



dT 
  Χ − Θ dt ∆t + B 


= 
( B + 1) A − 1 





W 'πE ' bb ( ρ R − 1)
4σ c nC L ρ w

1/ 3

*

Χ=

(4-39)

c p ρ bπE ' bb ( ρ R − 1)
*

Θ=

4σ c nC L ρ w

Again here X and Θ describe the role of externally applied heat and sensible heat released
by depressurization. Though X and Θ have different expressions from Eq. (4-32), they
have the same units as that in Eq. (4-32). And the additional A and B terms ensure that
propagation criterion and SVP are satisfied. The estimations of these parameters are
provided in Table 4-6.
By comparing Eq. (4-32) and (4-39), it is found that the terms A and B terminated
the continuing growth of fractures in a few minutes and the fractures seem to be closed
with temperature drops over time (Figure 4-9). This effect is similar to ap* in Figure 4-8
with a singularity. Mathematically, Eq. (4-39) appears less stable and depends on the Δt
range and grids (data not shown).
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Figure 4-9
Fracture propagation during boiling constrained by volume. Dashed
lines are for the flexible-wall and rigid-wall cell tests based on Eq. (4-39) and solid lines
are for the same two tests based on Eq. (4-36). Different σc is applied for the tests
according to Table 4-6.

The interpretation is that the fracture length will be limited by either pressure or
volume, and can be determined by whichever of ap* and av* is the smallest (Figure 4-10).
It shows somewhat different scenarios for the two estimations based on Eqs. (4-32) and
(4-39).

In both the rigid-wall and flexible-wall tests, once boiling starts, fracture

propagation is constrained first by the pressure required to propagate fractures while
maintaining SVP. Then the propagation transitions to the constraint of vapor production.
In the continuing growth model with Eq. (4-32) in Figure (4-10a), the pressure
constraints then alternate to rule over the volume constraints. In the pulse growth model
with Eq. (4-39) in Figure 4-10b, the volume constraints terminate the growth before the
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end of the peaks of pressure constraints. The pulse of volume constraint in the flexiblewall ran longer duration than that of the rigid-wall.
It is also clearly shown that in both cases the rigid-wall favors the fracture growth
better than the flexible-wall. The higher set maximum temperature, the lower confining
pressure, the higher external power input (larger X), and the depressurization (higher
dT/dt) in the rigid-wall are all beneficial for a rapid fracture propagation. It also appears
that the fracture propagation during boiling is much significant than the growth prior to
boiling. With tens of the initial length in about 10 minutes, a mm-sized fracture is readily
to enlarge into a cm-sized fracture, so that a well-connection network could be formed by
linking up neighboring fractures. The effective permeability of the clay thus can be
greatly increased by the boiling enhanced fracturing.
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Figure 4-10
Dimensionless fracture lengths constrained by pressure and volumes as
a function of time (sec). (a) The fracture lengths constrained by pressure and volume are
a*p and a*v, compared according to Eq.(4-21), solid lines, and (4-32), dashed lines. (b)
a*p and a*v are compared according to Eq.(4-21), solid lines, and (4-39), dashed lines.
Rigid and flexible represent the testing conditions in two cells using values in Table 4-6.
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4.6 DISCUSSION
4.6.1 Conceptual model
The principles outlined above can be combined to infer a conceptual model for
the heating tests. Thermal energy input causes initial pressurization (Figure 4-11, Path A)
by thermal expansion and follows a line with a slope in P-T space given by Eq. (4-7).
The pressure increases until it reaches Pf, according to Eq. (4-9), LEFM criterion (Figure
4-11; Point 2). The magnitude of this pressure depends on the size of flaws or large pores,
as well the fracture toughness and the confining stress. Large pores oriented normal to
the least principle stress will be the first to propagate. For thermally induced fracture
propagation, temperature increase is required to increase pressure to reach the onset of
propagation (Eq. 4-13).
The excess pressure required to propagate fractures is a few tens of kPa or less,
due to the low KIc of the remolded kaolin [Murdoch, 1993a; 1993b; 1993c], so the
pressure is only slightly greater than the applied confining pressure during propagation
(Figure 4-8, Path B). The pressure decreases slightly during propagation, but the fracture
length probably increases by less than a factor of 2 while they are filled with water only.
The temperature increases as a result of continued energy input until the boiling point is
reached (Figure 4-8, Point 3).
Thermal expansion causes liquid water to flow from clay early in the test.
Fracture propagation would have been occurring at this time, and this process apparently
accounts for the high turbidity in the first few water samples. Those samples also had
higher bromide and chloride than the following samples (Chapter 2), which is consistent
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with the first few samples including contributions from water removed by thermal
expansion.
Phase change from water to steam markedly increases the length and volume of
fractures. The pressure required for propagation decreases as the fractures lengthen, and
this causes additional vaporization (Figure 4-11, Path C). Fractures extend to the upper
end cap, increasing the flow of vapor and contaminants from the sample. The effective
permeability of the clay increases as a result of fracture growth, and this decreases P1 to
slightly more than σc. Contaminant recovery proceeds with P-T conditions at Point 4 in
Figure 4-11. Boiling conditions dominate at this point, which is consistent with the
condensate being enriched in DCA and depleted in bromide.
Transport along Path C in Figure 4-11 apparently occurs through fractures that
traverse the length of the core. The principle stresses would cause the direction of initial
fractures to be normal to the axis of the core, so secondary fractures must have formed
parallel to axis. Axial fractures were difficult to detect in the clay after the tests, however,
although they did occur in some cases (Figures 2-14 and 3-15) and it seems likely that
other axial fractures closed and were obscured by the confining pressure during cooling
[Gera et al., 1996; Hueckel and Pellegrini, 1992]. Axial transport through fractures
would explain why both the water and the DCA were depleted along the length of the cell,
instead of as a drying zone at the outflow end, as predicted by the TMVOC simulations.
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Figure 4-11
Analysis of pressure and temperature trajectory during an experiment in
a flexible-wall cell (yellow line). Path A: P-T controlled by thermal expansion during
heating. Path B: Water-filled fractures propagate slightly during initial heating. Path C:
Vapor filled fractures transect sample, increasing permeability. Contaminant recovery. 1.
Start of experiment. 2. Fracturing pressure, Pf. 3. Start of boiling. 4. Pressure limited by
flow through fractures. Green line (from pt 1 to 2) is from Eq. (4-7). Dashed black line
is the saturated vapor pressure curve.

4.6.2 PT trajectory in the tests of two cells
Experiments in the rigid-wall cell are different from those in the flexible wall cell
in that they lacked a mechanism to control the confining pressure. Another striking
difference is that contaminants were recovered from the rigid-wall cell in a pulse that was
up to 10 times more rapid than in the flexible wall cell. The maximum temperature in the
rigid-wall cells was several tens of oC greater than that in the flexible-wall cell, and this
appears to be an important factor.
The P-T trajectory for a test in a rigid-wall cell is assumed to be similar to the one
shown in Figure 4-11 except the maximum temperature is greater. The confining stress is
assumed to be lower in the rigid-wall cell, and this seems to favor the fracture growth and
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contaminant transport besides the higher temperature setting. The P-T trajectory is the
same as for the flexible-wall cell until the onset of boiling conditions at Point 3. The
temperature is allowed to increase in the rigid-wall cell and this increases the pressure by
roughly 1 atm (105 Pa). This would induce additional fractures, but perhaps more
importantly, it would store additional energy in the clay. When the valve is opened
(Figure 4-12, Point 4) the additional energy is available to be rapidly released as latent
heat, boiling the water, and propagating fractures. If the fractures can propagate a
distance somewhat longer than their average spacing, then they can link with neighboring
fractures to form a percolating network. This would markedly increase the permeability
and flow, and is the explanation for the rapid contaminant recovery.
The pressure and temperature drop as energy is released, and as the fluid pressure
equilibrates with the outflow pressure. The permeability in the rigid-wall cell probably
increased more than in the flexible wall because of the larger drop in temperature. This
would have boiled more water and resulted in longer fractures.

Moreover, the

permeability increase persists in the rigid wall because the confining stress was not
available to close the fractures when the pressure drops, as it was in the experiments
conducted using a rigid-wall. A gap between the wall and the dried clay was observed in
the test (Figure 2-14).
An explanation for additional observations during the tests emerges from fracture
growth during boiling (Eq. 4-32, Figure 4-10a). Fracture length increases at a modest
rate when the temperature is maintained by energy input from the heaters, but the
maximum temperature is maintained (flexible-wall). In this case, the fracture length
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increases by about a factor of tens in the first 10 minutes. The impact of this effect will
depend on the spacing of the initial fractures. If they are widely spaced, then a growth of
ten-folds may be insufficient for fractures to link with their neighbors, and the resulting
change in properties of the material may be limited.
Decreasing the pressure after heating (rigid-wall) causes a reduction in
temperature and release of energy which provides latent heat for boiling. This causes the
fracture length to grow faster, and in the example it results in an increase in fracture
length of more than 20 times in the first 10 minutes of the test. It appears that an increase
in fracture length of 10 to 20 times is sufficient to link neighboring fractures and create a
percolating network that is connected to the outflow. This is what is inferred to have
happened during the Transition Period in the tests using a rigid wall (Figure 3-5), and it
resulted in rapid recovery of steam and DCA.
In contrast, dT/dt is smaller and the rate of fracture growth is slower when the
flexible wall cell was used.

This occurred because the cell was heated to lower

temperatures than during tests in the rigid wall. Fracture growth was also limited by the
confining pressure used in the flexible wall tests. The result is that fracture growth is
slower and the network of resulting fractures is more poorly connected than in the rigid
wall tests. A network of fractures is created, however, and the enhanced recovery
through this network is the reason why recovery from the flexible wall tests was
significantly greater than predicted when fracture growth was ignored.
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Figure 4-12
Analysis of pressure and temperature trajectory during an experiment in
a rigid-wall cell (yellow line). Path A: P-T controlled by thermal expansion during
heating. Path B: Water-filled fractures propagate slightly during initial heating. Path C’:
Large pressure increase and energy storage during extra heating. Path C: Large drop in
energy drives fractures and phase change causing large flow of steam and contaminants.
P1frx is the decreased maximum pressure as an increase of the effective permeability with
fractures. Points: 1. Start of experiment. 2. Fracturing pressure, Pf. 3. Start of boiling. 4.
Peak pressure caused by extra heating. Outflow valve opened. 5. Pressure limited by flow
through fractures. Green line of Path A is from Eq. (4-7). Dashed black line is the SVP
curve.

4.6.3 PT trajectory in the experimental tests
Two tests in a rigid-wall and a flexible-wall are presented for a comparison with
the theoretical analysis (Figure 4-13). The flexible-wall test was set to a maximum 110
°C surface temperature to control the heaters and the outlet was kept open to atmospheric
pressure, with a confining pressure at 105 Pa (1 atm, gauge). The rigid-wall test was set
to a maximum 150 °C surface temperature, heated up in a closed system and then
dropped the top outlet pressure to atmosphere when the internal temperature reached 130
°C. This drop of pressure caused a temperature drop to around 100 °C. The PT
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trajectory of the flexible-wall seems consistent with the flow-constrained pressure regime
though the pressure is lower than what is expected. Later time it reaches the SVP curve
and move along the curve as the heating continues, indicating boiling is occurring, but
constrained by the power input. This test was terminated before all the pore water was
removed.
In the rigid-wall test, the PT trajectory appears to have all three paths: thermal
expansion, liquid-fracturing, and boiling-fracturing. The initial slight decline of pressure
was unpredicted in the previous analysis. Initial heating would have expanded the rigidwall stainless tube before the interior clay was heated.

Thermal expansion of the

stainless steel tube during early heating likely caused the early pressure drop. This effect
diminishes with time as the clay heats and expands. This effect is an artifact of the
experimental conditions and was omitted from the conceptual model, so it is not
predicted in the analysis.
Data from the rigid-wall test also departs from the conceptual model late in the
test, when the temperature increases without an increase in pressure, moving away from
the SVP curve (Figure 4-13b). The pore water was nearly completely removed at this
time, so continued power input resulted in heating that was not constrained by heat of
vaporization.
The pressure drop releases the stored energy ∆E during outlet-open stage for
boiling in the rigid-wall cell appears to be linked with the rapid pulse recovery of water
and DCA. This energy is stored in clay as the product of heat capacity and temperature
difference. A higher set temperature would have a larger stored energy. For the rigid-
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wall cell, I also observed a drop of surface temperature of the stainless steel tube and the
two end caps at about the same time when clay temperatures decreased when the outlet
was opened.

In this case, the stored energy used for boiling also came from the

surrounding and ∆E is larger than what predicted in Figure 4-7. The thin Teflon tube
wall would not likely store that appreciable energy to contribute for boiling. Using the
typical thermal properties values for stainless 304 and Teflon materials, along with the
tests results from Test A1 and Test B3, the released energy from stainless tube and end
caps and Teflon tube are estimated for water boiling. By dropping 10 °C, the energy
released from stainless steel parts is sufficient to boil ~4% pore water (10 ml), while the
energy released from Teflon tube is to boil out 0.5% pore water (1.3 ml).
4.6.4 Contaminant Recovery
High temperature enhances DCA to partition to the vapor phase [Heron et al.,
1998; Udell, 1998; Chen et al., 2012]. The DCA recovery is completed in the high
temperature rigid-wall that was heated at a higher rate and to a higher temperature than
the flexible-wall. The fractures are inferred to start growing during the warm up stage as
the pore pressure increases inside the clay. Hence depressurization creates a large flow
and produces axial fractures as observed at the surface of the clay. These fractures are
likely well connected along the axis though they may not be in the same plane.
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(a)

(b)

Figure 4-13
Pressure and temperature trajectory in laboratory experiments in (a) a
flexible-cell and (b) a rigid-wall cell. The flexible-wall cell is without a depressurization
with top remains open to atmospheric pressure. The rigid-wall cell has a depressurization
at 130 °C. All pressures are gauge pressure.
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In the flexible-walled cell, the energy and temperature are less than that in the
rigid-wall, and the applied confining pressure and contraction of heat-shrink Teflon
create a stress state that resists the opening of axial fractures, but not the horizontal
fractures. Slow and controlled heating rate is a strategy to prevent fractures during
heating of porcelain products because it allows pressure to dissipate [Gong et al., 1998].
In the flexible-wall cell intensive horizontal fractures were observed when as low as 20%
pore water is removed and no visible dry zone was formed (Figure 3-10). As the ∆E (Eq.
4-23) is smaller (Figure 4-11) and no extra energy from surrounding for boiling and for
fracture propagation, it simply took longer time to obtain more energy to overcome the
resistance and open up a fracture. When a fracture is open the pressure would drop and
boiling may occur locally. Those visible fractures likely contribute to the local boiling
and DCA partitioning to the vapor phase. Transport of the vapor rich in DCA along the
axis all the way to the outlet seems more difficult. The open fractures may close during
cooling. In the flexible-wall cell, the confining pressure and the thermal contraction of
Teflon heat shrink tube may enhance the closing, or resist opening of axial fractures.
Then more energy is needed to increase the pressure to open an axial fracture and
cause propagation. Fracture propagation would cease as pressure drops until additional f
heat energy is available. Thus an episodic or slug flow of vapor/water may occur in this
case as a slower outflow rate is observed.
The conceptual model and resulting analysis explain important aspects of the
experimental observations. The results of this analysis indicate that Mode I fractures
could form as a result of pressure increases from pore water expansion in clay, but
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fractures would probably not form in the sandstone. In the relatively high permeability
and high strength sandstone, the improved vapor transport is a result of decreasing water
saturation with heating up to water boiling (Figure 4-14a). In low permeability and
deformable clay materials, fracturing is an important mechanism for increasing the vapor
transport (Figure 4-14b). Fracturing is initiated from thermal expansion of pore water
and enhanced by water boiling. Fracturing increases the effective permeability of the
initially tight matrix of clay and improves the fluid flow and transport.
The previous sandstone test [Chen et al., 2010] has a temperature and power input
similar to the flexible-wall cell, but showed a DCA recovery rate and pattern fairly
similar to the rigid-wall cell. Berea sandstone has higher strength [Nara et al., 2011] and
the buildup pressure was released by opening the outlet, so that it was unlikely to form
fractures under the experimental settings. The increased vapor phase transport is due to
the decreasing water saturation in pores of the sandstone.

This agrees with the

conventional relative permeability of two-phase flow. Depressurization in the higher
permeability sandstone is more effective to induce boiling than in the low permeability
clay in the same confining pressure setting. With a more mobile vapor phase, a better
stripping of DCA was achieved.

In addition, from the thermal induced pressure

estimation, P1 during flow is significantly smaller than from that of clays because of the
difference of permeability and porosity (Eq. 4-8).
Pressure inside increase due to thermal expansion, total strain on outside is
constant (rigid-wall), or increasing due to heat shrink (flexible-wall).

As heat was

conducted from surface to center, and max pressure is at the center. This is similar to a
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convective drying of concrete on the surface and peak pressure is located at the inside
quasi-saturated layer as a drying front is formed close to the convective surface [Bazant
and Thonguthai, 1978; Bazant and Thonguthai, 1978; Kalifa et al., 2000]. These authors
observed the inner pore pressure peak exceeding the saturating vapor pressure upon
heating and they concluded low permeability concrete had a larger pore pressure than the
high permeability concrete. A pressure peak as high as 10 MPa was observed in a watersaturated cylindrical concrete specimen with permeability of 10-16 m2 and it is suggested
that the increased pore pressure caused structure failure [Selih and Sousa, 2005]. The
effective stress drops as fluid pressure increases. It will be zero when fluid pressure
equals to the confining pressure.
To favor the fracturing mechanism in the clay materials, increasing the power
input and the set temperature seem to be effective based on the analyses. This could be
supported with the opposite recommendation in quality control of ceramic product, i.e.,
slow heating is used to allow the internal pressure buildup to dissipate so that the heated
clay would not crack [Gong et al., 1998]. Though in ceramic production, the temperature
is several hundred degrees higher than in the experiments of the thesis, the processes are
likely to be similar.
The fracturing mechanism proposed here may also have relevance in nuclear
waste disposal [Gera et al., 1996; Hueckel et al., 2011; Hueckel, 2009]. Heating from
radioactive decay may cause small growth of fractures at sub-boiling temperatures and
correspondingly larger growth at boiling temperatures. These processes could increase
mobility of radionuclides and affect the stability of the repository.
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Figure 4-14
Conceptual models for water and VOC transport in (a) high and (b) low
permeability material during heating and water boiling.

How thermal and other environmental loads affect the hydraulic and mechanic
properties of clay seems complicated [Gera et al., 1996; Hueckel et al., 1994; Ma and
Hueckel, 1993; Seneviratne et al., 1993]. For example, parameters used in the analysis
such as KIC, tend to be a function of both temperature and water content [Lakshmikantha
et al., 2008; Murdoch, 1993a; 1993b; 1993c].
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The critical hydraulic conductivity (or permeability) could be calculated from the
fracture toughness of a media and suggested for the fracturing mechanism using Eq. 4-18.
Though a higher pore pressure will favor fracturing in the low permeability matrix, the
high pressure may cause leaking of VOCs from heated zone to the cooler region and
cause undesired re-condensation, re-dissolution and further spread. Alternatively, precreated fracturing, such as hydraulic fracturing [Murdoch, 1995], could be in combination
with thermal remediation to achieve a better controlled fracture network to facilitate the
extraction of contaminant vapor.
Once fractures are formed, the analysis shows that the fracture growth is greatly
enhanced by water boiling (Path C in Figures 4-11 and 4-12) when P-T conditions reach
the SVP curve. An overheating and a pressure drop (Path C and D in Figure 4-12) will
decrease the equilibrium temperature on the SVP curve, which releases sensible heat and
consumes latent heat, producing water vapor and enhance the fracture growth. A mmsized fracture could grow into cm-sized fracture (Figure 4-10), which would be linked up
with the neighboring fractures to form a well-connected fracture network in the clay.
And the effective permeability of clay is thus increased than that prior to heating. In
contrast, the fracture growth is slower during heating before water is boiling (Path B in
Figure 4-7). In the heating tests conducted in the rigid-wall and flexible-wall, the former
always show a larger fracture growth than the latter (Figures 4-7 to 4-10) using the
analyses. This also agrees with the observations in the laboratory tests where the rigidwall cell showed a fairly rapid pulse recovery of pore water and DCA.
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4.6 CONCLUSIONS AND RECOMMENDATIONS
Simulation of the results of tests of thermal remediation lab experiments using a
multi-phase flow and transport simulator predicts much higher pore pressures than were
observed. The high pressure suppressed boiling and shut down the steam stripping effect
on transport everywhere except at the end of the core. As a result, the theoretical
analyses predict limited recovery from clay during heating, but I observed an effective
stripping of DCA from clay during lab experiments.
To explain these discrepancies, it is proposed that recovery from clay during
thermal remediation can be affected by the formation of fractures. This process drops the
pressure, allows boiling to occur, and facilitates transport of VOCs. It has a significant
effect on transport, but it is not included in conventional multiphase transport analyses,
which explains why those analyses fall short of predicting the results of the experiments.
The conceptual model recognizes four main processes:
1. Pressurization during heating due to thermal expansion,
2. Growth of liquid-filled fractures due to thermal expansion,
3. Growth of fractures filled with liquid and vapor under boiling conditions, and
4. Contaminant transport through clay cut by fractures formed by heating.
This combination of processes appears to result in contaminant recovery that is
faster than recognized by conventional analyses. This means that thermal remediation of
low permeability clays may be more effective than predicted by multiphase flow codes.
Moreover, it provides insights into mechanisms that could be exploited to improve the
performance of thermal remediation.
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Appendix A
Measurement of Clay Specimen Properties
A1. Hydraulic conductivity
Hydraulic conductivity was measured using permeameter according to “ASTM
D5084-03: Standard Test Methods for Measurement of Hydraulic Conductivity of
Saturated Porous Materials Using a Flexible Wall Permeameter.” Water head difference
was recorded over time, and the slope of water head ratio in natural log with the time




!"

 

#!$

 

interval, 

gives


(in unit of time), thus hydraulic conductivity K is obtained.

The symbols are given in Table A-1. Some tests were also conducted in the experimental
apparatus, the rigid-wall stainless tube). A hydraulic permeability of 10-17 to 10-16 m2
(0.06-0.2 mD) was obtained.
A2. Air permeability
The method ASTM D4525-08 "Standard Test Method for Permeability of Rocks
by Flowing Air" was used to determine the air permeability with a 0.0786 m length
sample in a rigid rubber tube with a cross area of 0.00114 m2. Inlet pressure was applied
from 6 psi and gradually increased to 12 psi. At each pressure applied, the flowrate was
recorded. The results were plotted in Figure A-1. The air permeability was estimated to
be 10-14 m2.
A3. Capillary curve and thermal properties
The test was conducted in a pressure plate (Soilmoisture Equipment Corp.)
according to the operation instruction from the manufacture. A 1-bar and 5-bar ceramic
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plate were used in low and high pressure range, respectively. Sample size was 5 cm in
diameter and 1 or 2 cm thickness. The highest available pressure in the lab is about 50
psi. Up to that pressure the clay samples were still in high water saturation (Figure A3).
At each time to measure the water saturation, one of the samples embedded with a
thermistor was measured for thermal properties as described in SERDP report by Fei
Chen ([Falta and Murdoch, 2011]). The summary of thermal properties is provided in
Table A-2.

Again over the pressure range applied, no significant change on these

parameters was found. It seems the available maximum pressure could not cover the
range for a clay test to have a significant draining. The obtained thermal parameters
seem different from the literature and gave a deviation from the energy input estimation.
For example, ρc1 should be 3×106 J/m3°C to match the energy input in heating tests.
Corrected thermal parameters based on literature and estimated from the clay properties
from US Silica were adopted in Chapter 4.
A4. Compaction test to obtain an optimal density
Different water to dry clay powder ratio was tested to choose a high density while
having a good operational conditions, i.e., not too dry or sticky to work with. ASTM
D698-07 was adopted without mechanical equipment for the compaction. Manual
kneading was used instead. Results are shown in Figure A-3.
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Testing conditions and results
Permeameter

Table A-1

Sample area (A, cm2)
Sample length (L, cm)
2

Buret cross-area (a, cm )

20.25802

Rigid-wall tube for
heating test
20.25802

6 (in permeameter)

30 (in full size test tube)

0.9583 (with 1% error)

4.743 (with 1% error)

Pressure head applied to inlet 140.614 (2 psi)

703.7 (10 psi)

(p0, cm H2O)
Initial water head difference 156.4 cm H2O

154.6754 cm H2O

between inlet and outlet (z0)

(2.2 psi)
3.47×10-6

9.64×10-6

5.79×10-8

1.6×10-7

Permeability (k, cm2)

5.9×10-13

1.45×10-12

Permeability (k, in mD)

0.059

0.164

Hydraulic conductivity
(K, cm/min)
Hydraulic conductivity
(K, cm/s)

Permeability (m^2)

6E-14
5E-14
4E-14
y = 1E-13x - 3E-14
R² = 0.9973

3E-14
2E-14
1E-14
0
0.64

0.66

0.68

0.7

0.72

0.74

0.76

1/mean pressure
Figure A-1

Air permeability is in the range of 10-14 m2.
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0.78

0.8

Capillary Pressure (psi)

50
2cm-Sample2

40

2cm-sample1
1cm-sample1

30

1cm-sample2

20
10
0
0

0.5
1
Water Saturation

1.5

Figure A-2
Testing on capillary curve in a pressure plate. The highest available
pressure 50 psi seems insufficient to drain the clay samples.

2.5

Density (g/mL)

2
1.5
1
0.5
0
0

0.1

0.2

0.3

0.4

Water content (by wt)
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0.5

0.6

0.7

0.8

water content (vol)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Figure A-3
Relationship between clay density and water content. (1) Density vs.
water content (by weight); (2) volumetric water content vs. gravimetric water content.
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Thermal properties measured using the method described in the SERDP

Table A-2
report
P (psi)
0
0.5
1
2
3.5
5.1
6.6
9
12
15
17.5
20.4
25.8
30.8
39.9
47.4
Mean
Std ev.
RSD

water
ρc1
content
Sw
α1 (m^2/s)
(J/m^3ºC)
k1(W/mºC) c (J/kg °C)
0.659001
1.005992
9.83E-07
2.08E+06
2.04E+00
9.47E+02
0.627587
0.952331
1.01E-06
2.09E+06
2.12E+00
9.56E+02
0.614033
0.93173
1.72E-06
3.91E+06
7.00E+00
1.78E+03
0.591473
0.891894
8.84E-07
2.22E+06
1.96E+00
1.01E+03
0.580938
0.877081
9.78E-07
2.29E+06
2.25E+00
1.04E+03
0.563088
0.852112
9.39E-07
2.33E+06
2.19E+00
1.06E+03
0.554352
0.839595
9.01E-07
2.35E+06
2.12E+00
1.07E+03
0.545383
0.824835
9.06E-07
2.39E+06
2.16E+00
1.09E+03
0.533814
0.799625
1.04E-06
2.14E+06
2.23E+00
9.76E+02
0.511422
0.774347
1.05E-06
2.25E+06
2.36E+00
1.03E+03
0.506265
0.763684
1.04E-06
2.19E+06
2.27E+00
9.99E+02
0.500362
0.758053
1.03E-06
2.20E+06
2.26E+00
1.01E+03
0.492324
0.745579
1.20E-06
1.76E+06
2.11E+00
8.02E+02
0.482201
0.730542
1.17E-06
1.76E+06
2.06E+00
8.04E+02
0.473006
0.715536
1.18E-06
1.84E+06
2.17E+00
8.37E+02
0.462385
0.698624
1.23E-06
1.89E+06
2.32E+00
8.61E+02
0.543602
0.058816
11%

0.822597
0.090569
11%

1.0779E-06
2.01964E-07
19%

2.2303E+06
492379.52
22%

2.47542
1.211842
49%

1017.338
224.5936
22%

A5. References
Falta, R. W. and L. C. Murdoch (2011), Contaminant Mass Transfer during Boiling in
Fractured Geologic Media, SERDP Report ER-1553(accessed online on 4/1/2012).
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Appendix B
Evaluation of Extraction Method and Typical Standard Curves
The purpose of this section of the Appendix is to present representative
calibration curves for each of the contaminants monitored during this research. The clay
extraction methods were found to have a relatively large variation, so the calibration was
checked regularly.

The mass balance for each test using the clay extraction data,

remaining mass/initial mass, would not be affected since it is a ratio and the response
factor would be cancelled out.
Varying clay weight in the extraction and equilibrium time were tested whenever
a batch of clay sample used for standard was changed.

The equilibrium time for

standards was also tested. The standard is uncontaminated clay in NaCl solution and
spiked with DCA stock solution (dissolved in methanol) while DCA in the sample was in
the pore water. There might be an equilibrium of DCA in three phases: solid, liquid, and
gas, which may take longer time than two-phase equilibrium. Because the stock solution
of DCA contained methanol, how methanol affects the extraction was also tested for a
varied amount of methanol. The range of spike amount to a series of standards could be
determined as a result.
In the tests, a large amount of samples were analyzed on GC with manual
injection of gas phase, the simply way for equilibrium time is a repeat injection to find
out if the peak area decreased or increased on the 2nd injection. In addition to streamline
the full procedures in a complete heating test, the equilibrium time of 16 h for the
samples were used.
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600

Calibration_NaCl solution_clay

µg DCA/vial

500
y = 0.0003x - 9.1965
R² = 0.9966

400
300
200
100
0
0.00E+00

1.00E+06
1.50E+06
2.00E+06
PA
Figure B-1
Calibration curve for clay extraction using saturated NaCl solution for
high concentration on GC-FID. This curved obtained with clay 7.2 g (3% CV), without
NaHSO4, add NaCl in DDI to saturation 150 g/ml.

3.5

5.00E+05

ECD_for low std with dry clay

µg DCA/vial

3
2.5
2

y = 0.0001x - 0.3462
R² = 0.9830

1.5
1
0.5
0
0.00E+00 5.00E+03 1.00E+04 1.50E+04 2.00E+04 2.50E+04
PA

Figure B-2
Calibration curve for clay extraction using saturated NaCl solution for
low concentration on GC-ECD. This curved obtained with clay of 3.2g (1% CV), without
NaHSO4, dry clay with water content 1% (16% CV).
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µg DCA/vial

300
250
200
150
y = 0.0003x + 1.3475
R² = 0.9188

100
50

0
2.00E+05
4.00E+05
6.00E+05
8.00E+05solution
1.00E+06
Figure B-3 0.00E+00
Testing
on variable
clay amounts
in the extraction
(3, 5, 6, 7,
and 8,5 g clay samples with triplicates for each amount).

4.5E-04
4.0E-04
3.5E-04

y = 5.75E-06x + 3.62E-04
R² = 9.80E-01

RF

3.0E-04
2.5E-04

y = 3.1817E-05x + 1.9556E-04
R² = 9.5639E-01

2.0E-04
1.5E-04
1.0E-04
5.0E-05
0.0E+00
0

2

4

6

8

10

clay (g)
Figure B-4
Response factors on GC-FID for variable clay amounts in the
extraction solution (3, 5, 6, 7, and 8,5 g clay samples).
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PA

duplicates
all in 3 days
4.5E+05
4.0E+05
3.5E+05
3.0E+05
2.5E+05
2.0E+05
1.5E+05
1.0E+05
5.0E+04
0.0E+00
Figure B-5
Testing on GC response as a function of equilibrium time for clay
extraction using NaCl solution. Clay of 6.3 g±0.2 g added into 10 ml NaCl solution and
spiked with the same amount of stock of DCA.

1h

overnight

7.E+04

PA/g clay

6.E+04
5.E+04
4.E+04
3.E+04
2.E+04
1.E+04
0.E+00

Extraction samples with different equilibrium time
(triplicates)

Figure B-6
Comparison of equilibrium time for GC response of clay extraction
standard using NaCl solution. Clay of 7.3g±0.2g added into 10 ml NaCl solution and
spiked with same amount of stock of DCA, 0.0075g±0.0005g. Over time DCA in the
stock may adsorb to clay and thus less in headspace. No significant difference was found
among the two groups. Less standard deviations (5% vs. 7%)for overnight group.
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a

PA
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0ul
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5ul

8.0E+04

10ul
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20ul

4.0E+04

40ul

2.0E+04
0.0E+00

2.5E+05

Overnight equilibrum
b

2.0E+05
0ul

1.5E+05
PA

5ul
10ul

1.0E+05

20ul
40ul

5.0E+04
0.0E+00
1

2
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3

3.0E+04
c

PA/g clay

2.5E+04
2.0E+04

0ul

1.5E+04

5ul
10ul

1.0E+04

20ul
5.0E+03

40ul

0.0E+00
Equilibrium for 1 h and overnight (12h), triplicates
Figure B-7 Testing on equilibrium time for extraction a contaminated clay sample
using NaCl solution with different amount of MeOH (triplicates). Large
variations among the clay sample compared with standards prepared from
uncontaminated clay sample spiked with stock of DCA. Higher PA for
longer equilibrium time (1 h vs. 12 h).

12

μg DCA/g clay

10
8

0ul

6

5ul
10ul

4

20ul

2
0

40ul

Different methanol amount in samples (tripilicates,
error bar stands for standard deviation)

Figure B-8
Effect of MeOH on clay extraction using NaCl-method. Clay of
7.3g±0.3g in 10 ml NaCl solution with different amount of MeOH spikes. From this
result, less than 5 µl MeOH stock of DCA was used for standard preparation.
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4000
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1000
0
0
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1

1.5

DCA (ug/g)
Figure B-9
Calibration curves for methanol extraction method on GC-ECD. The
internal standard is EDB. Relative response factor (RRF) is used to obtain the DCA
concentration relative to the internal standard EDB.
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Calibration curves for aqueous samples collected as the condensate.
Sample vial does not make difference if the same occupation of total volume is used.
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Figure B-12
Aqueous sample calibration: effect of sample volume occupied in the
sample vial. The vials were filled to 20%, 40%, and 60% of the total vial volume, spiked
with DCA stock solution (duplicates). (a) All the samples together, (b) 20% fill, (c) 40%
fill, and (d) 60% fill. Response factor for all the samples are similar to 20% occupation
with 0.03 differences. Generally sampling of condensate was 20% vial volume
occupation in heating tests.
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Calibration for (a) aqueous and (b) solid samples for last three tests
when GC-FID uses HP H2 instead of He as the carrier gas. 10.17±0.12 ml water in
aqueous standards, and 15.65±0.08 g clay was added in 10 ml NaCl solution.
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Appendix C
Other Materials
Preliminary tests were done on five other materials, sand with grain size 500, 250,
100 and 50 micron, and a glass bead of 100 micron. Extraction calibrations and water
content were evaluated and the results are provided in Table C-2.

All five materials
300

μg DCA/vial

250
200
150

y = 0.0003x + 3.0696
R² = 0.9856

100
50
0
0.00E+00

5.00E+05

1.00E+06

1.50E+06

PA
Figure C-1
method.

Calibration curve for all the five materials using NaCl extraction

Table C-1
Sample in std
Average (g)
Std dev.
CV

Sample amounts in calibration standards
sand 500
sand 250
sand 100
7.6015
7.2430
7.1903
0.21987879
0.14219968 0.15447772
3%
2%
2%
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silt 50
7.3025
0.2074553
3%

glassbead100
7.5796
0.2465945
3%
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Individual calibration curve of the five materials.

Table C-2

Water content and organic matter of the five materials
After
After
Add
Organic
105 °C 360 °C Water
sample
Empty
(g)
content matter (g)
(g)
(g)
tray (g)

sand 500

17.8647

25.0874

23.5474

23.5434

27%

0.000704

sand 250

1.2486

8.9862

7.5338

7.5315

23%

0.000366

sand 100

1.2827

8.6016

7.0892

7.0873

26%

0.000327

silt 50

1.2824

8.9127

7.3149

7.312

26%

0.000481

Glassbead100

1.2646

9.4107

7.7921

7.7909

25%

0.000184
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foc
0.041
%
0.021
%
0.019
%
0.028
%
0.011
%

Appendix D
Pulse Injection of VOC in Clay Matrix
D.1 INTRODUCTION
This part was previously prepared for SERDP report on the preliminary test
results done on clay materials. Two tests for each configuration, a rigid-wall or a
flexible-wall tube, were described in that report and the two clay specimens were
contaminated using pulse injection of water containing DCA and bromide. The tracer
tests gave a good estimation on transport in clay matrix and the low mass recovery lead to
a new method development for contamination introduction into the clay as described in
previous chapters.
D.2 EXPERIMENTAL PROCEDURE
At early stage of the experiments on clay specimens, the contaminant solution
was injected through a capillary tube to create a localized, point-like source. This method
was used to contaminant a clay matrix. It was achieved relatively easier in the rigid-wall
cell using a septa containing thread fitting on the stainless tube. A syringe inserted into
the clay through the septa for the injection without leaking out. For the Teflon tube, no
sealing fitting was available and the only method is to poke a hole using the syringe for
the injection. Even small amount of liquid (~2 ml) into the low permeability clay
manually caused leaking at the surface through the hole.
This injection produced pulse-like concentrations during recovery, which had the
advantage of characterizing the transport time from the point source to the recovery point.
The disadvantage of the point injection method is that it is a relatively small mass that
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can be difficult to quantify.

For example, the initial pulse injection test gave a

breakthrough of DCA in the clay specimen for an effective hydraulic conductivity of the
clay as 1E-9 m/s, which agrees with the measurement of permeability cell using the
standard method, but a poor mass recovery, less than 40%, indicated some uncounted
mass during the test and high uncertainty for the injected initial mass.
Initial concentrations in the uniformly contaminated material could be more
readily characterized, but this was by no means straightforward because mass was lost
during the process of packing and sealing the cells. For example, the solution used to
make clay sample usually has a DCA concentration more than 100 mg/L, but based on
the extraction data and measured water content, the DCA concentration in the initial clay
sample (mass in the made sample normalized to the pore water volume in the sample)
was about 10-25% of the solution concentration (Chapter 2).
Two tests were selected for presentation here to demonstrate typical behaviors
(Table 4-1). The first test presented below is a clean clay matrix contaminated by point
injection at the bottom side (far end from the outlet) in the rigid-wall stainless steel
column. The next one is a clean clay matrix contaminated by point injection at the
flexible-wall Teflon shrink tube.
D.3 RESULTS AND DISCUSSIONS
Two tests were selected for presentation here to demonstrate typical behaviors
(Table 2). The first test presented below is a clean clay matrix contaminated by point
injection at the bottom side (far end from the outlet) in the rigid-wall stainless steel
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column. The next one is a clean clay matrix contaminated by point injection at the
flexible-wall Teflon shrink tube.
Table D-1

Operational conditions and results summary of the two tests.
Test A

Test B

Container type

Rigid-wall

Flexible-wall

Contamination injection

1.7 ml high

2 ml (low concentration)

concentration
Cinjection DCA (mg/L)

1058

191

-

33939

75

Max. Cout/Cinjection or Cout/Ci for DCA

0.06

0.01

Mass recovery (Mout/Min) for DCA

63%

38%

Mass recovery (Mout/Min) for bromide

7.5%

37%

0.1×313 W

0.13×313 W

0.94

0.91

84 (open outlet @

119 (open outlet @

t=6.25 h)

t=2.9 h)

Cinjection Br (mg/L)

Heating for tape heater
(duty cycle×Power)
Total water boiled out/pore volume
Heating time to boil out the pore
water (h)

Test 1: Sample in rigid tube, point injection of contaminant
Set up: 1.7 ml DCA-Bromide solution was injected at a point along the sample; the
concentration of DCA was measured by GC-FID to be 1058 mg/L, and bromide was
measured on IC to be 33939 mg/L (a ~1/300 dilution factor was used to make the
concentration to fall into the calibration range).

The outflow is characterized by a sharp pulse of relatively rapid flow followed by
a period of roughly constant flow until the sample is dry (Figure D-1). The initial
outflow pulse starts as soon as the valve is opened (at t=6.25 h), reaching a maximum
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flow of 44 ml/h (Figure D-1a). After the initial pulse is over, the flow drops to between 1
and 10 ml/h and is maintained for approximately 80 h, with an exception of between 35
and 47 h when the flow was dropped to about 1 ml/h because the heating program was
shut down inadvertently. The outflow rate is nearly constant at 4.0 ml/h before and after
the period of low flow. The experiment produced a total of 255 ml of water, or 94% of
the estimated pore volume of the clay matrix (270 ml).
The concentration of DCA in the outflow increased rapidly at the beginning of the
test and then dropped (Figure D-1b). It reached a maximum value of 5.6% of the
concentration in the injection solution at 6.93 h (Figure D-1d). This concentration was
maintained for 16 minutes (6.93 h-7.2 h) (Figure D-1d) and then the concentration
decreased to approximately 1% of the input at t=10 h. This resulted in two distinct stages
of mass recovery rate, an initial rapid stage (t=6.25 h-7.93 h) followed by a second stage
of lower rate (t=7.93 h-18.3 h) (Figure D-1d). The average mass recovery rate during
Stage I was approximately 582 µg/h, and it dropped to 31 µg/h during the Stage II.
The total mass of recovered DCA increased roughly linearly during the first and
second recovery stages with the two different recovery rates, reaching a maximum
recovery of approximately 74% of the initial injected mass. Roughly 2/3 of the recovered
mass was achieved during Stage I when the rate was highest. Stage I occurs during the
initial large rate of volumetric outflow, but the total amount of water produced during this
time is a relatively modest 30 ml, which is 0.1 of the total water volume. The second
stage of recovery was responsible for approximately 1/3 of the recovered mass and it
produced approximately 220 ml of the total water volume, but at a slower rate than
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during the first stage. All the mass recovered during the test was produced during the
first 20 h when 85 ml or less than 1/3 of the water was removed from the sample.
The bromide concentration in the outflow was consistently less than 1% of the
injected concentration (Figure D-1b). A total of 7.5% of the total mass of injected
bromide was recovered.
Temperatures increased as the sample was heated at constant power input. Most
of the temperatures were within a 4 °C band, except the temperature of the lower end cap,
which was significantly hotter (Figure D-1c). A separate heater provided more power to
the lower end cap than the rest of the sample and that is why it heated faster. The valve
was opened at t=6.25 h when all the temperatures reached or exceeded 100 °C. In
general, thermistors at the top of the sample were cooler (~100 °C) than those at the
bottom of the sample (~104 °C) early in the test (Figure D-1c).
Temperatures dropped sharply when the valve was opened.

This apparently

occurred as a result of the decrease in pressure, which lowered the boiling temperature.
Nearly all of the temperatures dropped when the valve was initially opened, but there was
an exception at sensors 11 and 12, where the temperature remained unaffected when the
valve was initially opened. However, within several minutes of the initial opening of the
outflow valve, the temperature at all the thermistors fluctuated every time the valve was
momentarily closed during sampling.
The temperature fluctuation when the valve was opened follows a consistent
pattern in that there is a sharp drop followed by a more gradual increase in temperature.
The magnitude of the drop is roughly 1 °C at the beginning of the test, but it increases to
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2 °C over the first few sampling cycles. The temperatures generally remain above 100
°C while t<8 h (Figure D-1c).
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Figure D-1
Heating test of a clay matrix contained in a rigid tube. (a) Condensed
outflow rate in ml/h and accumulative outflow in ml during heating, (b) DCA and
bromide concentrations in the outflow, normalized to the injection concentration, 1058
mg/L and 33939 mg/L, respectively, and DCA and bromide mass recovery, normalized to
the injected mass, 1799 µg and 57696 µg, respectively, during heating, (c) Scaled up
condensed outflow rate and accumulative outflow during heating for the first 35 h and
dashed line is the divide of Stage I and Stage II, (d) Scaled up normalized DCA
concentrations in outflow and mass recovery during heating for the first 35 h and solid
lines to dashed line are Stage I and Stage II, and (e) temperature time series at different
locations during heating.

The power to the heaters was inadvertently turned off by the control system at t~8
h, and this caused all the temperatures to decrease below 100 °C. The power was
restored at t=8.5 h, and the temperatures increased to above 100 °C and then they cycled
over several degrees with a mean of roughly 100 °C (Figure D-1c).
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All the temperatures cycled during each sampling event, but the magnitude and
shape of the response depends on the location.

In general, the magnitude of the

temperature response was greatest at the top of the sample and became progressively less
with distance below the top. The transitions in temperature were sharp near the top of the
sample, but became progressively more gradual with distance from the top. An exception
occurred at thermistor 10, which was in the middle of the sample and was consistently
hotter than the others (Figure D-4c).
The change in magnitude and shape that occurred as a function of distance from
the end of the sample is evident from 10 to 15 h. The differences in temperature response
gradually diminished, however, and by t=20 h the shapes of the temperature time series
are essentially identical (Figure 4c).
A temperature gradient occurs along the length of the core during each fluid
sampling event.

The temperature gradient reaches a maximum value when the

temperatures reach a minimum, which occurs immediately before a new sample bottle is
installed. The temperature gradient is approximately 0.1 oC/cm during 6 h<t<7 h (the
first hour after the valve was opened), it decreases to 0.05 oC/cm during 10 h<t<15 h, and
it is essentially maintained at this value during t>20 h (Figure 4c).

Test 2: Sample in flexible sleeve, point injection of contaminant.
Set up: 2 ml DCA-bromide solution was injected at a point 20 cm from the end cap,
DCA: 191.4 mg/L; bromide: 74.8 mg/L.
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Results
Condensate was produced at a flow in range of 6 to 12 ml/h during the first 20 h
(Figure D-2a). The outflow then dropped abruptly to 3 ml/h at t=20 h, and it tapered to
negligible rates over the next 80 h.
Both the first and second test produced about the same amount of water, and they
both are characterized by a relatively large initial flow rate that decreases with time.
However, compared to the first test, the flow rate from the flexible sleeve was slower at
first because it lacked the large initial outflow pulse that occurred from the rigid wall
container. However, the flowrate from the rigid wall dropped off quickly, and after an
hour the flow rate from the flexible sleeve was greater. Later in the test, when t >20 h,
the flowrate from both devices was in the range of a few ml/h.
Recovery of DCA during Test 2 increased and decreased as roughly a symmetric
pulse, with a peak magnitude of 2% of the injected concentration and duration of
approximately 15 h (Figure D-2b). Small DCA concentrations were detectable almost
immediately after opening the valve, and they increased gradually over the first few hours
until reaching a peak at t=12 h. DCA concentration decreased gradually and were
negligible when t > 20 h.
The style of recovery of DCA during Test 2 is much different than Test 1. The
majority of DCA was recovered in a rapid surge within a fraction of an hour after the
valve was opened during the first test, and then the rate tapered off for the next 10 h. In
contrast, during the second test DCA concentration builds slowly and reaches a peak after
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nearly 12 h.

Ultimately, the breakthrough curve during the second test is roughly

Gaussian.
Bromide was detected in the outflow of Test 2, but it was essentially absent from
the first test. The bromide was recovered as an asymmetric pulse that lagged slightly
behind the DCA pulse (Figure D-2b). The maximum relative concentration of the Brwas less than 0.5% of the injected concentration, which is roughly ¼ that of the DCA.
Temperatures were measured at three locations on the outside of the flexible
sleeve used during Test 2 (Figure D-2c).

The temperatures during this test were

measured on the outside of the sleeve to limit the potential for leaks in the sleeve,
whereas the temperatures during Test 1 were measured both from outside and inside the
rigid container.
During the test the temperatures increased and the valve was opened at t=2.9 h
when the surface temperatures reach 100 °C. External temperature at the top of the core
increased and then became roughly steady at 120 °C between 10<t< 16 h, and then the
temperature continued increased at t >16 h. At the center and bottom of the core, the
temperatures increased to 112 and 118 °C at 8 h<t<10 h, and then decreased to 110 °C
where they were maintained for the duration of the test (Figure D-2c).
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Figure D-1
Heating test of a clay matrix in a flexible-wall cell (the constant
confining pressure regime). (a) Condensed outflow rate in ml/h and accumulative outflow
in ml during heating, (b) DCA and bromide in the outflow, normalized to the injection
concentration, 191 and 75 mg/L, respectively; mass recovery of DCA and bromide,
normalized to the injected mass, 382 and 149 µg, respectively, during heating, and (c)
Surface temperature time series, with temperature 1 to 3 were controls of heaters.
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Temperature signals at the end of the core fluctuated during sampling, as they did
throughout the core in the first test. However, temperatures at the middle and end of the
core were insensitive to sampling, which contrasts to the results from the first test. Largescale variations in the flowrate appear to track the variation in temperature. Both the
flow and the temperature increase with time and reach peaks at t=15 h (Figure D-2a and
c). They dropped gradually over the next few hours.
The mass recovery of DCA and bromide was 37% and 36%, respectively. The
pore volume was estimated to be 278 ml, and 91% water was boiled out in more than 100
h of heating (Figure D-2a).
D.4 CONCLUSIONS
The two tests described above are remarkably similar configurations, but their
recovery behavior is markedly different. The main difference in the experiments is the
containment device and the stresses it applies to the core sample, so it seems likely that
the containment devices are responsible for the different recovery behaviors.
A conceptual model that explains these two tests begins with Test 2 conducted in
a flexible sleeve within a pressurized chamber. In this test, opening the valve dropped
the pressure on the face of the core and this induces axial flow along the core. The
average velocity of the contaminant movement is approximately 20 cm/12 h or 4x10-6
m/s. Assuming the effective porosity is 0.1 in the clay, the flux is 4x10-7 m/s. The
pressure generated by the heating is approximately 105 Pa, or 10 m of head. The sample
container is roughly 0.1 m long, so the hydraulic gradient is on the order of 102. The
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ratio of the flux to the hydraulic gradient is approximately 10-9 m/s, which is a reasonable
value for the hydraulic conductivity of clay.
The arguments above suggest that DCA could be transported largely by water
flow axially along the core. Confining pressure on the Teflon sleeve causes the bulk
volume of the core to shrink as water is removed. This reduces the size of the pore space
and probably allows the saturation to remain fairly high as the water is removed. The
relative water permeability may be reduced much less than would be expected under
drying conditions without the confining pressure to change the volume of the sample.
DCA transport through the core may be largely in the water phase, and this
resulted in a recovery of approximately 36% of injected mass, according to the data. It is
worth pointing out that the total mass recovery is likely underestimated by this test
because some mass may have been removed during the heating process, but not
recovered in the sample vials.

This problem has led to the development and

implementation of procedures to characterize the mass of contaminants remaining in the
core. These procedures improve the accuracy of the assessment of mass in the core.
Mass was recovered during Test 1 in two stages, a brief rapid stage followed by a
longer, slower recovery stage. The second stage lasted approximately 10-15 h which is
the same time scale as recovery during Test 2. It is inferred from this that the second
stage of recovery during Test 1 could be associated with axial flow of water along the
core.
The initial stage of rapid recovery during the first test is probably a result of
heating the core in the rigid cylinder apparatus. Heating by conduction will cause the
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outside of the core to heat faster than the inside. This will pressurize the outside more
rapidly than the inside, which will create an inward radial compression on the cylindrical
sample. This inward compression will cause the core to deform inside of the sample
container, producing a gap between the core and the wall of the container. The Young’s
Modulus of the core is expected to be approximately 107 Pa, and assuming the pressure at
the wall of the container is 105 Pa, then the radial strain will be on the order of 0.01. This
strain would result in a gap of roughly 10-4 m (0.1 mm) between the core and the wall of
the container. This is approximately the thickness of a sheet of paper.
A gap of this aperture would have an effective permeability of

k=

δ2
12

(D-1)

which gives k~10-9 m2. The relative water phase permeability of clay is expected
to be ~10-16 m2. Even though the expected gap is quite narrow, it will create a pathway
whose permeability is many orders of magnitude greater than the clay matrix and this
large contrast in permeability is expected to dominate the flow.
Presumably this gap was filled with steam and opening the valve caused steam to
flow out of the sample. The pressure in the gap would drop near the upper end of the
core, potentially causing the core to expand and reduce the size of the gap. However, it is
inferred that the gap remains open for at least 1.68 h, allowing steam to flow along the
outside of the sample during this time. The drop in pressure within the gap would cause
fluid to flow radially outward, either in the liquid or vapor phase.
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We infer that DCA was transported radially outward to the vapor-filled gap where
it was transported axially and out of the container relatively rapidly.

This process

occurred during the first 16 minutes after the valve was opened and was dominated by
vapor transport. This process is inferred to be responsible for the relatively rapid mass
flux during the first stage of recovery of Test 1.
The process that shuts down Stage 1 is unclear, but it could be that the radial
temperature gradient is diminished by conduction, which reduces the radial pressure
gradient and causes the sample to expand and close the gap.
The first stage of recovery appears to be relatively brief, 1-2 h, and it is followed
by axial flow that occurs on the same time scale as axial flow during Test 2. The
temperature gradient during sampling progressively flattens during the test and this is
inferred to be evidence for axial flow.

The temperature gradient would produce a

pressure gradient that would cause axial flow. If the mechanism of radial flow and then
axial flow through a gap was active at this time then the core would change uniformly.
The disassembled core after heating showed a roughly uniformly shrunk dry core with a
gap between the container wall and the core.
This conceptual model is further supported by the record of bromide recovery,
which is an indicator of the relative ratio of steam and water flowing from the core.
Roughly the same fractions of bromide and DCA were recovered during Test 2, which
suggests that these compounds were dissolved in water when they flowed out of the clay
sample. In contrast, negligible amounts of bromide were produced with DCA during
Test 1, which suggests that DCA was recovered in the vapor phase.
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The results of heating tests show that volatile contaminants can be strongly
removed from clay using heating, but the details of the process are sensitive to the design
of the experiment. Tests conducted with clay inside a flexible Teflon membrane in a
pressurized vessel (Test 2) appear to be characterized by flow along the axis of the
sample. This is the intended flow geometry. Travel times along the axis of the core are
consistent with transport in the water phase, and the presence of bromide in the outflow is
also consistent with transport in water. However, DCA was recovered much more
quickly than water. In all the experiments, all the DCA that could be recovered was
produced when less 1/3 to 1/2 of the water in the clay was recovered, and this is an
indicator of preferential transport in the vapor phase. It seems likely that transport
occurred in both liquid and vapor phases during Test 2, but numerical transport analyses
will be required to more fully evaluate this experiment.
The relatively low fraction of mass recovered in Test 2 may underestimate the
fraction that could be recovered in the field. This is because mass may have been
removed by the heating process, but not recovered in sample bottles; for example, if it
diffused through seals.

The recently developed technique of characterizing mass

remaining in the sample will allow tests using the flexible Teflon membrane to be more
accurately evaluated (this technique was unavailable when Test 2 was conducted).
The fraction of recovered mass during the experiments was variable, and may
have resulted from difficulties in sealing the apparatus against DCA transport under
elevated temperature and pressure conditions. A technique for characterizing the mass
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remaining in the sample after a heating test will provide a more robust method for
evaluating the effectiveness of mass recovery.
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Appendix E
Sandstone Drying at Boiling Temperature
This method was developed using sandstone cores, which has larger permeability
and smaller porosity than clay.

Sandstone has higher material strength and no

deformation was observed after heating. It was drilled shallow holes around the surface
to embed wires to measure the electrical resistivity (Figure E-5) and the electrical signals
were converted to water content.

Upon heating up to boiling temperature, a clear

temperature gradient was developed along the axis of the core towards the top outlet after
the depressurization at the outlet (Figure E-1), strongly indicating boiling in the matrix.
Outflow rate peaked immediately after opening of the outlet. During the warm up stage,
about 30 ml pore water was released due to thermal expansion of water (Figure E-2).
The electrical resistivity provided the water content profiles at different time (Figure E-3
and 4). The outflow and water content profiles has the similar patter with heating the
clay in the rigid-wall, but not the temperature gradient, which was not seen in clay.
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Heating test of a sandstone matrix (200 mD) in a flexible--wall cell (the
Figure E-1
constant confining pressure regime
regime). Temperature 1 to 4 (red to pink lines) are from top
to bottom of the cylindrical core, as seen the response of temp 1 to the release pressure at
the outlet (triangle). Drying out occurs in a sequence from top to bottom shown as Temp
1 to 4 rising from 1000 °C to the set 110 °C in the sequence during t=250-360
360 min. The
pore water in the 5 cm (2-inch
inch)) diameter and 0.3 m (1 ft) long core is about 100 ml. The
outlet pattern is consistent with other sandstone tests: a pulse peak flow almost to 100
ml/h and then
en levels off to below 20 ml/h.
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Figure E-2

Condensate outflow during the heating test of the sandstone.
sandstone
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Figure E-3
Measured outflow volume and calculated outflow volume from
electrical resistivity measurements in the sandstone test.
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Figure E-4
Calculated water saturations during the sandstone test. Distance is a
relative position to the outlet according to the electrodes on the sandstone.
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2.5
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Figure E-5
Electrical resistivity measurement on the sandstone core with 64
electrodes (16*4 matrix) at the shallow depth of the core surface. Distance is in inch.

Water saturation profiles are estimated from resistivity using Archie’s Law
[Reynolds, 1997] with calibration data from core samples. Resistivity data sets can also
be processed using tomographic inversion to yield estimates of saturation in 3-D.
Archie’s Law relates the rock resistivity to the porosity and water saturation:

ρ = αϕ − m s − n ρ w

(E-1)

where ρ is the rock resistivity; ρw is the resistivity of water; Ф is the porosity; s is
the water saturation; α, m and n are constants. For a rock sample, assuming other
conditions remain the same, electrical resistivity change corresponds to change of water
saturation. It is also found that the electrical conductivity of water is a strong function of
temperature.
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