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Abstract

Results of an experimental investigation into steady state dissolution of nonaqueous phase
liquids (NAPLs) entrapped within water saturated perous media are presented. The influence of
porous media type, NAPL characteristics, and aqueous phase flow velocity are examined for
transient and steady-state dissolution of NAPL. Entrapped NAPL distributions are examined and
are found to influence mass transfer between the phases. A phenomenological model for the
steady state mass transfer process is developed which expresses a lumped mass transfer
coefficient as a function of the hydrodynamics of the system and grain size parameters as a
surrogate measure of the NAPL distribution. Transient dissolution data is used to develop two
alternative phenomenological models for mass transfer. The models are incorporated into a one-
dimensional numerical simulator and are shown to be effective predictors of transient dissolution
data in similar experimental systems.

In order to further explore the effects of scale and heterogeneities on NAPL dissolution,
the sphere model is incorporated into a two-dimensional simulator and is used to explore long-
term dissolution of a TCE spill in a layered system of sands. The simulation demonstrates the
significance of heterogeneity, both in controlling the inital distribution of NAPL and the rate of

NAPL dissolution.
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Executive Summary

Results of an experimental investigation into steady state dissolution of nonaqueous phase
liquids (NAPLSs) entrapped within water saturated porous media are presented. The influence of
porous media type, NAPL characteristics, and aqueous phase flow velocity are examined by
means of a series of laboratory column experiments, both for transient and steady-state
dissolution of NAPL. Nonequilibrium dissolution effects are observed in many of the
cxperiments, resulting in column effluent concentrations less than the known solubility limits of
the organics examined. Entrapped NAPL distributions are examined and are found to influence
mass transfer between the phases. A phenomenological model for the steady state mass transfer
process is developed which expresses a lumped mass transfer coefficient as a function of the
hydrodynamics of the system and grain size parameters as a surrogate measure of the NAPL
distribution. Transient dissolution data is used to develop two alternative phenomenological
models for mass transfer. The theta model relates the mass transfer process to porous medium
properties, Reynold's number and volumetric fraction of NAPL. The sphere model quantifies
mass transfer coefficient and specific surface area independently, using results of steady-state
napthalene dissolution experiments to calculate mass transfer coefficient and an idealized sphere
geometry for calculation of interfacial area. The models are incorporated into a one-dimensional
numerical simulator and are shown to be effective predictors of transient dissolution data in
similar experimental systems.

In order to further explore the effects of scale and heterogeneities on NAPL dissolution,
the sphere model is incorporated into a two-dimensional simulator and is used to explore long-
term dissolution of a TCE spill in a layered system of sands. The simulator is run in conjunction
with a multiphase flow simulator to generate an initial distribution of the organic phase. The
simulation demonstrates the significance of heterogeneity, both in controlling the initial
distribution of NAPL and the rate of NAPL dissolution. Bypassing of the low permeability
formations is shown to result in a significant increase in time required for complete dissolution of

entrapped NAPLs at the field scale.



1.0 INTRODUCTION

Contamination of the subsurface at many Department of Energy (DOE) sites has occurred
from the release of nonaqueous phase liquids (NAPLSs) at waste disposal facilities. Industrial
solvents including trichloroethylene (TCE) and carbon tetrachloride (CT), as well as petroleum
hydrocarbons have been found in groundwater samples collected from DOE sites (DOE, 1991).
Remediation of NAPL spill sites has traditionally involved pumping as much of the free organic
phase from the aquifer as possible (Testa and Wiengardner, 1991). A significant fraction of the
NAPL is retained in the porous media, however, creating a long term source of pollution as the
entrapped NAPL partitions directly into the aqueous phase by interphase mass transfer exchange
processes (Schwille, 1988; Mackay et al., 1985).

The extent of interphase mass exchange in NAPL contamination scenarios traditionally has
been quantified using a local equilibrium assumption; that is, it is assumed that the concentration
of a contaminant in any phase is defined in terms of its concentration in other phase(s) at the
same spatial location by equilibrium partitioning relationships (Abriola and Pinder, 1985). Field
data, however, frequently indicate that concentrations of solutes in groundwater at NAPL
contamination sites are lower than their corresponding equilibrium values (Mackay et al., 1985;
Feenstra and Coburn, 1986; Mercer and Cohen, 1990). Such data suggest that some physical or
chemical process limits the extent of mass transfer from NAPLs to aqueous phases. Alternative
explanations and interpretations which have been advanced to explain the field observations
include: i) rate-limited interphase mass transfer; ii) physical by-passing of mobile phases around
contaminated regions due to relative permeability effects or aquifer heterogeneities; and iii)
dependence of equilibrium solubilities on NAPL composition (Abriola, 1989; Feenstra and
Coburn, 1986, Mackay and Cherry, 1989).

Some laboratory scale experimental studies of the transfer of organic species from NAPLs
to water have supported the validity of the local equilibrium assumption at this scale (Fried et al.,
1979; Miller et al., 1990; Parker et al., 1990). Other investigations, however, have shown that
non-equilibrium effects may play an important role in interphase mass transfer processes under

certain conditions (Hunt et al., 1988b; Geller, 1990; Razakarisoa et al., 1989; Imhoff et al.,
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1990; Borden and Kao, 1992). A variety of experimental approaches and procedures for NAPL
entrapment have been used in the above studies which may account for the differences in
conclusions reached. Unfortunately, most studies have involved limited ranges of matrix
materials, organic compounds, and aqueous-phase flow velocities, thus producing limited data
with which to quantify rates of interphase mass transfer.

Similar to the lab-scale experiments, contaminant transport models have incorporated mass

transfer using either the local equilibrium assumption (Abriola and Pinder, 1985, Corapciogla

and Baeher, 1987) or nonequilibrium kinetics (deZabala and Radke, 1986; Hunt et al., 1988a;
Powers et al., 1991). For nonequilbrium mass transfer, most of these models assume that
interphase fluxes can be characterized by the product of an appropriate driving force and a
related coefficient which itself is the product of a mass transfer coefficient and the specific
interfacial area across which mass transfer occurs. Some of these models employ existing
correlations to evaluate the mass transfer coefficient, along with an estimated specific interfacial
area based on an idealized NAPL geometry (deZabala and Radke, 1986; Hunt et al., 1988a;
Powers et al., 1991). Others use a lumped coefficient which incorporates both the mass transfer
rate and interfacial area (Dorgarten and Tsang, 1990; Sleep and Sykes, 1989; 1990). Models of
the latter type have limited utility for predicting long-term dissolution processes in which
interfacial area changes with time. A combined equilibrium and rate-limited or "two-stage" mass
transfer model is presented by Borden and Kao (1992) to describe dissolution of a NAPL
mixture. These modeling efforts collectively suggest that the interphase mass transfer of organic
species may be a rate-limited process when: i) NAPL is distributed as large multi-pore blobs; ii)
aqueous phase velocities are large (i.e., contact times are short); iii) NAPL saturations are low
(Dorgarten and Tsang, 1990; Powers et al., 1991; Hunt et al., 1988a); or, iv) the mass fraction of
soluble species in the NAPL is small (Borden and Kao, 1992). Expressions for mass transfer
coefficients relevant to a particular system of interest are generally unavailable, and minimal data
exist for estimation of interfacial areas. Thus, conclusions derived from these modeling efforts

are only qualitative.




Because of the limited availability of data to quantify NAPL dissolution rates and
qualitative modeling efforts, this research was designed to investigate dissolution on the lab scale
and use the results to formulate mathematical and numerical models that would be useful in
predicting the success of DOE remediation efforts. The objectives of this work were (1) to
explore the validity of the local equilibrium assumption for partitioning of organic compounds
into the aqueous phase; (2) to characterize the effects of variation in flow rate, porous media
characteristics, wetting conditions, and organic liquid characteristics on the rates and extent of
mass transfer; (3) to aevelop a general model to describe the kinetics of mass transfer; and (4) to
incorporate experimental data into a numerical model useful for the prediction of the effect of

rate limited transfer on aquifer remediation




2.0 BACKGROUND

2.1 Interphase Mass Transfer

Interphase mass transfer processes can be visualized as involving a series of several steps,
of which one or more may be rate limiting (Weber, 1972; Weber et al., 1991). For the
dissolution of pure NAPLs, diffusion and convection of an organic species away from the
interface of the organic phase into the bulk aqueous phase is generally considered to be rate
limiting (deZabala and Radke, 1986; Pfannkuch, 1984). It is thus typically assumed that the nr
flux of a species (J) between phases can be expressed with a linear-driving force model, with the
concentration driving force approximated as the difference between bulk aqueous phase
concentration (C) and the concentration of a solute which would be in thermodynamic
equilibrium with the solute concentration in the NAPL (Cs):

J==ke (C~Cy) (2.1.1)

Here the constant of proportionality, kg, is termed the mass transfer coefficient. Additional
details regarding the use of this type of equation for NAPL dissolution processes have been
provided by Miller et al. (1990) and Powers et al. (1991). A more general discussion of
mass transfer processes and models for subsurface phenomena has been given by Weber et al.
(1991).

Correlations for estimation of mass transfer coefficients from known system properties are
usually presented in terms of the dimensionless Sherwood number (Sh = k¢ 1. / D)), where 1. is a
characteristic length and Dj 1s thie free liquid diffusivity of the organic species in water. This
dimensionless parameter is a measure of the relative rates of interphase mass transfer and
molecular diffusion. In engineered systems, where the specific interfacial area is generally
known, empirical relationships have been developed based on the Gilland-Sherwood correlation
(Welty et al., 1969):

Sh = a + b RemScz (2.1.2)



in which a,b,n and m are empirical constants. Re and Sc are the Reynolds (Re = ry q I/iw) and
Schmidt (Sc = uy / (D) ry)) numbers, respectively, in which ry, is the aqueous phase density, [y

is the aqueous phase viscosity, and q is the Darcy or superficial velocity.

2.2 NAPL Entrapment and Distribution

An understanding of the dissolution process requires knowledge of the processes impactiag
NAPL entrapment and how the geometry of the entrapped organic affects mass transfer, The
entrapment of NAPLs within porous media occurs when capillary forces are sufficiently strong
to overcome viscous and gravity or buoyancy forces (Wardlaw, 1982; Mohanty et al., 1987).
The volume of NAPL blobs entrapped within pore spaces is frequently expressed as a residual
saturation (s, ) which is a ratio of entrapped NAPL volume to pore space volume. Values of sp,
measured during field scale and laboratory experiments are typically in the range of 10-35% in
saturated regions of unconsolidated media, with levels as high as 50% in low permeability
media (Ng et al, 78; Schwille, 1988).

The distribution of NAPL blobs within a porous medium is a function of pore geometry
and fluid properties. Entrapped blobs in water-wet systems generally have concave interfaces
and are formed within a single pore or several adjacent pore bodies (Schiegg, 1980). Blobs
become isolated during NAPL migration, as the interface between phases become highly curved,
and consequently unstable. Studies utilizing two-dimensional etched glass micromodels have
shown that NAPL will tend to "snap-off" in individual pore bodies in soils having high pore-
body-to-throat size ratios (pore aspect ratios) (Chatzis et al., 1983; Li and Wardlaw, 1986).
Singlets, which exist within one pore body and are formed by the snap-off mechanism,
predominate in well sorted unconsolidated sands (Larson et al., 1981). NAPL can also be
trapped by a mechanism known as "bypassing" in regions having several adjacent large pore
bodies connected by relatively large throats and surrounded by relatively small throats, such as
might be found in a lens of coarse sand within a finer sand (Morrow, 1971). The geometry of
blobs generated by this mechanism in real porous media is very complex, often encompassing

several adjacent pore bodies and throats (Chatzis et al., 1983).
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Entrapment of NAPLSs in three-dimensional systems has been studied with the use of fluids
which can be solidified within pore spaces. Styrene, an aromatic hydrocarbon, has been
solidified by polymerization in consolidated and unconsolidated media (Morrow and Chatzis,
1981; Conrad et al., 1992). Analysis of the solidified blobs is generally accomplished by
categorizing them by size. Morrow and Chatzis (1981) have shown that a majority of blobs
(~60%) produced in an unconsolidated, uniform-size distribution sand pack occupy only one
pore body, consistent with snap-off mechanisms. Conrad et al. (1992) have shown that NAPL
distributed within a uniform fine sandy media exists in a wide variety of blob shapes, with most
of the residual saturation held in large, branched ganglia. They hypothesized several
implications of NAPL distributions on dissolution rates, although no data was available to verify
these effects.

The geometry of the entrapped organic depends in part on the pore structure.
Petroleum engineers and soil scientists historically have used capillary pressure-saturation (Pc-
Sw) curves as macroscopic measures of pore structure for pairs of wetting and non-wetting fluids
(Morrow and Harris, 1965; Morrow, 1970). P.-s,, curves produced by incrementally increasing
and decreasing the pressure on the non-wetting phase inherently manifest hysteresis, which is
attributable to "ink-bottle" and "rain drop" effects (Dullien, 1979).

Typical capillary pressure-saturation curves are depicted in Figure 2.2.1. These curves can
be characterized by sw,, the bubbling pressure, Pc,, which is the pressure at which pores begin to
drain, and the slope of the curve (JP/dsy,) near the curve's inflection point. These characteristics
can be conceptually related to physical pore structure properties. Very flat curves (dP/dsy, ~ 0)
are indicative of uniform pore size distribution, while steeply sloped curves are found in well
graded media (Brooks and Corey, 1966). Analysis of flow in a simplified pore structure model
consisting of constricted capillary tubes indicates that the pressure at which a pore will empty
during drainage is representative of the pore throat radius (due to the ink-bottle effect), while the
pressure at which a pore fills during imbibition is representative of a pore body size (Dullien,

1979). Although information about the pore structure properties that control entrapment is



implicitly embedded in the capillary pressure-curves, quantifying these properties from capillary

measurements can be problematic (Tsakiroglu and Payatakes,1991).
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Figure 2.1.1 Typical capillary pressure-saturation curves




3.0 EXPERIMENTAL DESIGN

To accomplish the objectives of this work, four laboratory tasks were performed and two
models were developed. The laboratory tasks included pore structure characterization
experiments using air-water capillary pressure curves; steady-state dissolution experiments with
entrapped NAPL and a solid organic phase; entrapped organic distribution experiments using
polymerization techniques; and transient experiments with entrapped NAPLs .

Phenomenological models were developed for steady state and transient experiments.

3.1 Materials
p . ial

Two general types of soils were employed: Ottawa sand, a uniform (#20-#30 mesh) silica
sand purchased from Fisher Scientific, and Wagner sail, collected from a gravel pit in Ann
Arbor, Michigan. The Wagner soil, from the Fort Wayne moraine, was deposited during the
Wisconsin era of the Pleistocene Epoch (Kunkle, 1960). This unconsolidated unit is typical of
aquifer materials in the Michigan area, which are predominantly of glacial origin. Wagner soil
was sieved into uniform size fractions and washed with deionized water prior to use. All size
fractions were comprised of very angular grains, representing a wide range of mineral
components. Fractions retained on the #18 and #50 sieve were used as uniform sand isolates.
Three mixtures of the sieved sand fractions were also used to investigate the influence of grain
size distribution on NAPL entrapment and distribution. These media were characterized by their
median grain size (d50) and uniformity index (Uj=dg(0/d10), to represent the average and
distribution of grain sizes (Driscoll, 1986). Here, 60% of the particles by weight have diameters
smaller than dg(. Hydraulic conductivity was also measured for the uniform sands. A constant
head permeameter method, as described by Bear (1972) was used for these experiments.
Permeameters were 15-cm long by 5-cm diameter columns. Grain density measurements were

conducted following the procedure outlined by Wray (1986). Properties of the uniform and



Table 3.1.1: Porous Medium Properties

POROUS MEDIAN UNIFORMITY  HYDRAULIC GRAIN POROSITY*
MEDIUM GRAIN SIZE INDEX CONDUCTIVITY DENSITY
(cm) (cm/s) (g/cm3)

Wagner #50 0.045 1.45 0.075 2.67 0.392 +0.013
Ottawa 0.071 1.21 0.12 2.65 0.327 10.024
Wagner #18 0.120 1.19 0.25 2.67 0.386 +0.007
Wagner Mix #1 0.080 242 ND 2.67 0.381 £0.012
Wagner Mix #2 0.082 3.46 ND 2.67 0.347 £0.057
WagnerMix#3| 0057 333 ND 267 034640017

* mean * 95% confidence interval for given sand in replicate sand-packed columns
ND - not determined

mixed sand fractions used are presented in Table 3.1.1, grain size distribution curves are
included in Figures 3.3.1a and 3.3.1b.
N Phase Liuids and Solid Organi

Styrene, (> 99.8% purity, Aldrich Chemical) a lighter-than-water NAPL, and
trichloroethylene (> 99.8% purity, Fisher Scientific), a denser-than-water NAPL, are
representative of compounds widely used by industry in the United States, and thus, there is a
large potential for their improper disposal in the environment. Physical properties of these
compounds which may affect their mobility and dissolution in subsurface environments are
given in Table 3.1.2. Both compounds were dyed with 0.5 g/l of Qil-Red-O (Fisher Scientific),
so that their respective flow and distribution patterns in porous media could be observed
qualitatively. This dye (C26H24N40) is a weak surfactant and was found to alter interfacial
properties of the organic phases. Styrene, as obtained from the manufacturer contains tertiary-
butylcatechol (10-15 ppm) to prevent premature polymerization. Benzoyl peroxide (Fluka,
Ronkonkoma, New York) was added at a level of 1% by weight to styrene immediately before
steady-state rate experiments commenced to counteract the effects of the inhibitor and initiate
polymerization of the styrene following dissolution measurements. Benzoyl peroxide was not

added to styrene used in transient dissolution experiments.
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For the steady-state experiments with solid naphthalene, spheres with a range of
diameters were produced. Reagent-grade crystalline naphthalene (Fischer Scientific) was melted
(110C) and formed into spheres by dropping the molten chemical from a capillary pipette
through a 40-cm tall water column with a temperature decrease (85- 10C) over its length. The
hot water at the top of the column allowed the molten naphthalene to assume a spherical shape as
it slowly dropped through the water. The spheres solidified as they settled through the colder
water at the bottom of the column. The solid spheres were gently sieved to segregate them into
sets of equal size. Three different sets of spheres were produced with diameters ranging from
0.22 10 0.49 cm. Spheres smaller than this were not used because they sublimated rapidly,
resulting in a variable surface area. A representative sample of each size faction was weighed
and counter. The naphthalene surface area was then calculated assuming that perfectly spherical
shapes were produced.

Surface and interfacial tensions were measured for each NAPL with a DuNoily type ring
tensiometer (Kriiss USA, Model # K8, Charlotte, North Carolina) with a 9.545 mm platinum-
iridium ring. As noted in Table 3, the addition of dye and benzoyl peroxide lowered the surface
and interfacial tensions somewhat. A study of potential surface energy changes in styrene
following the addition of benzoyl peroxide indicated that the surface tension did not change over
a 24 hour period.

Solubilities of the dyed NAPLs in Milli-Q water (Millipore, Bedford, MA) were also
measured. Approximately 30 ml of water and 2 ml of NAPL were introduced into a 40-ml screw
cap vial and a Teflon-lined septum cap was tightly screwed onto the vial. After two days of
equilibration and intermittent shaking, a syringe needle was inserted through the septum and all
NAPL was removed from the aqueous phase surface. Aqueous phase samples were then
collected and diluted into HPLC (high pressure liquid chromatography) grade methanol.
Measured solubilities were within 10-20% of published values. The measured styrene solubility
(230 mg/1) is less than the published value (290 mg/1) (Boundy et al., 1965). TCE solubility

showed the opposite trend; the measured value (1270 mg/l) was substantially higher than the

11



published value (1100 mg/1) (Verschueren, 1983). Presence of the dye may have affected the

measured solubilities.

Table 3.1.2: Physical Properties of Organic Phases*

* Values + 95% confidence interval, at 25 °C, unless otherwise noted

(1) Perry and Chilton,
(2)  Boundy et al, 196

(3)  measured property (T=21-23 °C)

1973
S

(4)  measured, NAPL with oil-red-o dye (T=20-23 OC)
(5)  measured, NAPL with dye and benzoyl peroxide (T=21 ©C)
(6)  Calculated from Wilke and Change (1955)
) Weast and Astle, 1981

(8)  Dean, 1973.

12

PROPERTY SYMBOL UNITS TCE STYRENE
Molecular M g/mole 1315 140.1
weight
Chemical CHCI=CCl3 CsHsCH=CH;
formula
Density p g/em3 147 0.908 (2
Solubility c* mg/l 1270+ 124 23084
Surface tension oh-a dynes/cm 29(7) 32(2)

(w/ air) 28.810.10) 31.5+ 063

26.5+0.04) 242+05@
Interfacial oW dynes/cm 35(7) 35.5(8)
tension 29.6+2.00) 32.8+0.0 )
(w/ water) 23.9+0.5@ 280+ 1.1

244+ 0.6 )

Viscosity V! g/cm-s 0.0059 (1) 0.0073 @
Free liquid Dy cm?/s 8.8x10° 8.0x 106
diffusivity (©




3.2 Methods

Pc-sw curves for the drainage and imbibition of water into the six sands investigated in
this work were measured with commercially-available Tempe cells (Soil Moisture, Santa
Barbara, California). Brass retaining rings, 3-cm high by 5-cm diameter, held the soil sample in
contact with 0.5-bar pressure plates. Air pressure, provided from building utilities, was passed
through a desiccant to remove moisture and was controlled with a pressure regulator (Gast
Manufacturing, Benton Harbor, MI). A four-liter glass carboy provided excess volume in the air
system to damp-out slight pressure variations. Air pressure was measured with a 150-cm Slack-
Tube water manometer (Dwyer Instruments, Michigan City, IN), yielding accuracy of air
pressure measurements to within a few millimeters of water. Water pressure was measured as
the height of water in the serum collection vial with respect to the height of the bottom of the

sand sample. Six Tempe cells were connected to the air supply in a parallel configuration to

allow multiple measurements (Figure 3.2.1).

Air-dried soil was packed in the cells under vibration and saturated by passing at least 40
pore volumes of de-aired water through it. The cells were connected to the air system and the
pressure increased to force water from the saturated soil. At least twelve hours were allowed
between measurements to insure saturation had been reached. Water displaced from the Tempe
cells was collected in serum vials, and saturations within the cells determined by gravimetrically
monitoring change in the mass of the serum vials for each incremental change in pressure.
Periodic measurement of the mass of the entire Tempe cell verified the accuracy of the saturation
measurements. Duplicate or triplicate measurements of the primary drainage, main imbibition,
and main drainage curves were made for each sand sample. Aqueous phase saturations at the
completion of an experiment were verified by standard moisture content determination methods

(Wray, 1986). Sand from the Tempe cells was dumped into a weighing boat, quickly covered
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and weighed. After drying the sand in an oven at 105° C, the sample was reweighed and water
content determined from the weight differential.
Column Experiments

Organic polymerization, steady state and transient experiments were performed in custom
designed and manufactured one-dimensional soil columns, consisting of §5.5-cm ID glass tubing
of 3-5 cm length supported by viton o-rings and stainless steel endplates. The endplates were
lined with Whatman #42 filter paper or porous Teflon discs (Fluoroplastics, Philadelphia, PA),
allowing either water-wetting or organic-wetting conditions at the end of the column during
different phases of the experimental procedure. Tubing to and from the column was 1/8" Teflon
or stainless steel to minimize interactions with the organic species. Stainless steel Swagelok
fittings (H.E. Lennon, Farmington, MI) were used for all connections. Water flow to a column
was controlled with a Rainin Rabbit HP pump (Rainin Instruments, Woburn, MA) fitted with a

25-mV/min pump head, while the NAPL was pumped with a mechanical syringe pump (Harvard
Apparatus, Model #975, Natick, MA) through a 50-ml glass syringe (Figure 3.2.2).

Column Preparation

Experimental columns were packed under vibration. Degassed water, which had been
distilled and purified in a Milli-Q filtration unit, was pumped through the column to insure
saturation. A detailed description of the method can be found in Powers (1992). The top end
plate was then removed and the paper filter replaced with a porous Teflon disk which had been
soaked in the organic phase. With the top end plate back in place, NAPL was pumped to the
column from the syringe pump at a rate of 0.42 mU/min (q~0.26 m/d). Styrene was pumped to
the column in a downflow mode (TCE was pumped in an upflow mode) to achieve relatively
stable displacements. The water-wet paper filter at the column bottom allowed the water to drain
from the column during NAPL imbibition, but prevented the organic phase from exiting. NAPL
was pumped until 75% of the pore space was filled with the organic phase. The flow of fluids

was then reversed to displace the organic phase. Water was initially pumped at a low velocity
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(@~0.3 m/d) until NAPL was no longer displaced. Flow to the column was then increased to the
maximum velocity considered in the dissolution experiments (q~15 m/d) to obtain a minimum
residual saturation in the column. Approximately three pore volumes of water were pumped into
the column during the immiscible displacement of NAPL. Residual saturations are theoretically
not affected by flow rate at these low Capillary numbers (Chatzis et al., 1983). The porous
Teflon disk was replaced by a paper filter at the end of the procedure to prepare for the
dissolution experiments. Uniformity of the residual saturation was inspected during NAPL

solidification experiments.

Steady-State Dissolution

Following establishment of a residual NAPL saturation, water was pumped
through the column to measure dissolution rates under "steady-state" conditions. This condition
was observed during the initial phase of dissolution, before a significant change in the interfacial
area occurred. Figure 3.2.3 shows the approach towards steady-state effluent concentrations
during one experiment. Approximately fifteen pore volumes of water were sufficient to reach
steady state for the dissolution of styrene; ten pore volumes were found to be sufficient for TCE.
After each steady-state condition was reached, the aqueous phase velocity was changed and the
experiment continued.

Several velocities (4-5 for styrene, 2 for TCE) could be considered before a significant
fraction of the NAPL was removed from the system. Here "significant" is operationally defined
as 10% of the initial mass of entrapped NAPL, as determined by a mass balance. Within this
range of saturation reduction, the variance between effluent sample concentrations in replicate
columns containing the same sand and at a given flow rate was independent of the order in which
that velocity was considered (i.e., first or third). Aqueous phase effluent samples were collected
in triplicate from a syringe port each time steady-state conditions were achieved. Residual
saturations were determined from the mass of polystyrene (measured during NAPL solidification
experiments) and the mass of organic species removed from the column during the dissolution

experiment. Table 3.2.1 summarizes the steady-state experiments.
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For the steady-state experiments with naphthalene (Table 3.2.2), a known mass of spheres
was distributed throughout the column as dry sand was packed into the column under vibration.
The in place volumetric fraction of naphthalene was calculated from the density of naphthalene
and the column volume. The procedure used for the other transient experiments was then

employed.

Table 3.2.1: Summary of Steady-State Dissolution Experiments

STYRENE : TCE
Range of Number of * Range of
Velocities Columns : Velocities

Wagner #50

Ottawa
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An average of seven aqueous phase velocities were used for each experiment. Eighteen
column experiments were conducted generating a total of 128 data points for use in the

mathematical model development.

Table 3.2.2: Experimental Variables for Naphthalene Dissolution Experiments

Experimental Variable Symbol Range of Values
superficial aqueous phase velocity (m/d) q 0.17-17
naphthalene volumetric fraction () 6n 0.015 - 0.088
naphthalene sphere diameter (cm) ds 0.22-0.49
median sand grain diameter (cm) ds50g 0.045 - 0.17
Transient dissolution

Transient dissolution experiments (Table 3.2.3) were conducted to assess how NAPL
dissolution rates change with time. The procedure for the establishment of a residual NAPL
saturation before these experiments was the same as that described above for steady-state
experiments. During the transient experiments, however, water flow to the column was
continued at a constant rate for an extended period of time. For most experiments, duplicate
aqueous phase samples were collected at regular intervals until analytical detection limits were
reached; at this point, no organic phase remained within the column. These experiments were
generally conducted for 2-6 days, depending on the NAPL solubility and aqueous phase flow.
NAPL saturations were determined from the cumulative mass of organic species removed from
the column with the aqueous phase. After disassembly of the column, the interior portions of the
endplates were carefully observed to determine if any NAPL occupied the void spaces within the

endplates. Results of such experiments were not considered valid.
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Table 3.2.3: Summary of Transient Dissolution Experiments with NAPLs*

* Indicated velocities are average Darcy velocities throughout experiment
Analytical Methods

Aqueous phase effluent samples collected during steady-state and transient dissolution
experiments were immediately diluted in HPLC grade methanol (MeOH) (Fisher Scientific).
Organic species concentrations in the MeOH-water mixture were determined by high pressure
liquid chromatography. The HPLC system consisted of a Waters M45 solvent pump and Waters
Lambda Max variable wavelength detector (Waters Chromatography Division, Millipore Corp.,
Milford, MA). The detector was interfaced with a Hewlett-Packard 3390A plotter-integrator
(Avondale, PA), which automatically recorded retention time and peak area. A 25-cm column,
packed with S um C1§ beads, was used for solute separation (Hypersil ODS C1§, Alltech,
Deerfield, IL). Styrene was analyzed at a wavelength of 237 nm and TCE at 225 nm. A de-
gassed 85% HPLC grade methanol, 15% Milli-Q water (by volume) mobile phase was used for

styrene and TCE analyses.
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] ization of NAPL Distributi
Upon completion of steady-state dissolution experiments, columns containing styrene
were subjected to high temperature and pressure conditions required to initiate the
polymerization reaction (Wilson et al., 1990). The column was removed from the experimental
set-up and Swaglok plugs fitted over the fittings on each end of the column end plates. The
column was then placed in an aluminum pressure cell and covered with water, after which the
end plugs were removed, and the pressure cell lid attached with eight hexnut screws. The
pressure within the cell was slowly increased to 80 psig using a pressurized cylinder of nitrogen
gas. The entire pressure cell was then lowered into a hot water bath (80 °C) for approximately
48 hours, during which time the styrene was completely polymerized. Endplates were removed
from the column and the sand-polystyrene mixture was gently flushed from the column and
allowed to air dry. The dried sand-polystyrene mix was weighed to determine the mass, and
hence residual saturation, of entrapped styrene. The methodology for separation and
characterization of the different size fractions of the polymerized polystyrene can be found in

Powers (1992).

21



4.0 RESULTS AND DISCUSSION
4.1 Pore structure and NAPL entrapment

NAPL residual saturations and blob size distributions were evaluated following
polymerization of styrene trapped in the sand colurans. Results of these experiments are
presented in Powers, ct al. (1992, 1993b). Measurements revealed that residual saturations were
rclatively insensitive to mean grain size for the medium sands. However, the degree of grading
was found to impact residual saturation, with increased grading resulting in large residuals.
These observations are consistent with those reported by others for organic residual saturations in
uniform glass beads (Morrow and, 1981) and graded sands (Wilson et. al, 1990).

Qualitative characterization of blob size distributions was used to help analyze and
cxplain trends observed in NAPL dissolution rates and residual saturations among the several
porous media investigated. Sieve analyses of isolated NAPL blobs provided a qualitative
measure of the volume percentage of NAPL entrapped as multi-pore ganglia. Geometrical
considerations suggest that these ganglia have small specific interfacial areas relative to the high
specific surface area of singlets. A significant fraction of NAPL entrapped in graded media was
found to be distributed as multi-pore ganglia. These results are consistent with our
understanding of the NAPL entrapment mechanisms, snap-off and by-passing, discussed
previously. The absolute size of NAPL blobs was also found to be strongly dependent on grain
size. Thus, even in media with uniform grain size distributions, specific surface areas, and by
implication, lumped mass transfer rates, would be a function of median grain size.

The trends noted above regarding the dependence of entrapped NAPL blob size on porous
media properties can be used to explain observations relating to the dependence of dissolution
rates and residual saturations on type of porous media. It can be concluded that greater volumes
of NAPL are entrapped within graded media due to the increased frequency of large-blob
entrapment by the by-pass mechanism. Visual observation of blob distributions suggests that the
higher residual saturations entrapped in graded media do not, however, necessarily correspond to
a higher rate of mass transfer. In such media, specific surface area does not correlate directly

with residual saturation due to retention of blobs of widely varying sizes.
22




Drainage and imbibition capillary pressure-saturation curves were measured for each of
the media used in this study. The shape of these curves were quantified for use as a measure of
pore structure characteristics, which define NAPL entrapment mechanisms and dissolution rates.
Three different means for quantifying the shapes of these curves were employed; the Brooks-
Corey (1966) and the vanGenuchten (1980) empirical relationships and a third method based on
measurcment of the bubbling pressure and the slope of a curve at its inflection point (dP¢/dsw).
Parameter fits to the data for these three approaches are summarized in Powers et al. (1992).

As would be expected from the theory of capillary flow phenomena, differences between
the capillary pressure curves of different sands were indeed observed. Bubbling pressure
increased with decreasing grain size for uniform sands (Figure 4.1.1), suggesting that the pore-
throat sizes are smaller for fine grained media. The flat slope of the curves indicates that most
of the water is rcleased from the media within a narrow range of capillary pressures, suggesting
that pore throat sizes are uniform throughout the media. A comparison of the slopes of curves
presented in Figure 4.1.2 illustrates the effect of grain-size distribution among sands with
comparable median grain diameters. Water is drained from the graded media over a wider range
of capillary pressures, indicating that the pore-throat diameters have a broader distribution than
in uniform media. Bubbling pressure heads of graded media are not correlated to the median
grain size but scem to be a function of the range of grain sizes as well. This can be attributed to
the fact that packing arrangements are much different in graded media; small grains can pack
between larger grains, substantially altering the pore structure even though the median grain size
is similar. The net effect is an overall decrease in pore throat size and correspondingly higher

pressures are required to drain the media.
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4.2 Dissolution Experiments
NAPLs

Measurements from each dissolution experiment consisted of effluent concentrations and
NAPL saturation for a prescribed sand type, aqueous phase velocity, and column length. Figure
4.2.1 presents results from some of the experiments. Here, normalized concentration (C/Cs) is
plotted as a function of superficial (Darcy) velocity. This plot shows that effluent concentrations
decrease with increasing velocity, and that there is a significant difference in effluent
concentration for each sand type. For uniform sands of varying mean diameter (Ottawa and
Wagner #50) the effluent concentration increased as the volume of entrapped NAPL (6p)
increased. Miller er al. (1990) observed similar trends. This wrend, however, was not observed
for the Wagner #50 and Wagner Mix #1 sands. The graded sand retains a larger volume of
NAPL but has lower effluent concentrations. This indicates a much lower mass transfer
coefficient or specific interfacial area, or both, for the graded sand than for the uniform sand.
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Figure 4.2.1: Effect of sand type on effluent concentration
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Neglecting dispersion, the steady-state mass balance equation for the experimental system

can be written with a linear-driving force mass transfer source term (1):
45 = ~kfa (€~ Cy) @21

Here q is the superficial (Darcy) velocity, and a is the specific interfacial area (surface arca
between the NAPL and the aqueous phase per unit volume of the matrix). Because the
interfacial area was not measured, a lumped mass transfer coefficient (R = kf a), which is the
product of the mass transfer coefficient and specific surface area, was evaluated. Solution of
equation (3), subject to a boundary condition of C=0 at x=0; yields the following expression for

the lumped mass transfer coefficient:
Qa—(%)ln(l—%) 42.2)

where L is the length of the column. Experiments resulting in effluent concentrations greater
than 90% of the solubility limit were not used to calculate mass transfer coefficients because that

parameter is highly sensitive to small errors in effluent concentration in this region.

Development of a Phenomenological Mode!l

Data collected in the experimental phase of the work was incorporated into a
phenomenological model describing steady-state NAPL dissolution rates. The modeling effort
had two objectives: i) to determine which system properties most effectively characterize the
dissolution process; and, ii) to generate a model having the capacity to predict dissolution rates in
similar systems. Initial analysis determined that a simple relationship between the modified
Sherwood and Reynolds numbers did not adequately describe the complexities of NAPL-water
mass transfer rates in a variety of media. The modified Sherwood number which incorporates

the lumped mass transfer coefficieny may be defined as (Miller et al., 1990):

Rash

Sh'= Dy 4.2.3)

Alternative models considered used a Gilland-Sherwood type correlation (equation 2.1.2) to
describe the dependence of the modified Sherwood number on the Reynolds number (Re = pw q

d50/uw) and some surrogate measure of the NAPL-water interfacial area. As summarized in
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Table 5, parameters used as potential measures of surface area included: i) the volumetric
fraction of NAPL entrapped in the system; ii) grain size distribution data; and, iii) drainage and
imbibition parameters derived from the three methods for quantifying the capillary pressure
saturation curves.

Combinations of the interfacial area parameters were systematically tested using a
statistical software package, SYSTAT, to obtain estimates of the coefficients (bj) for the log

linearized form of a generalized Gilland-Sherwood type relationship:

n
log(Sh') = bg + b1 log(Re) + Z2bi log(P}) (4.2.4)
i=

where Pj are parameters used to represent the surface area. The optimum combination of
parameters for cach surface area measure are summarized in Table 4.2.1. A detailed discussion

of the statistical optimization approach is given in Powers, et al. (1992).

Table 4.2.1: Optimum Models for Description of NAPL Dissolution Rates for Different

Pore Structure Parameter Sets

PARAMETER SET MODEL R2 SEE *
NAPL Volumetric Fraction | Sh'=18.4 Re0736 077 0122

Grain Size Distribution | Sh=57.7 Re%-611 4o0-643 yP 413 094 0062

Pc - s - vanGenuchten | Sh'=340 Re¥621 g 1-16 0450796 (0. 186 095 0.6l

Pc-ow- Brooks-Corey [ Sh'=20.7 ReO617ag 1101y, 0476 g mpD315 094 0,063

Pc - sw - Slope & hpy Sh'=20.4 Re0-396 50884 hl,g"'m 094  0.061

* Standard error of estimate

Examination of the first model in Table 4.2.1 reveals that the modified Sherwood number
is not correlated to the volumetric NAPL fraction at a high significance level. The other four
models demonstrate that the Sherwood number is more highly correlated with the parameters
describing pore structure. The excellent ability of these models to match experimental data
supports the original hypothesis; i.e., that parameters linked to the pore-structure of porous media
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can be used as representative measures of NAPL distribution and interfacial area. The results
also indicate that grain size distribution, a very simple measure of pore structure, captures the
effects of those pore structure characteristics which dictate NAPL entrapment processes as well
as do more complex capillary pressure-saturation relationships.

An example of the quality of fit of the model to the experimental data is presented in
Figure 4.2.2, which shows the relationship between experimental Sherwood numbers and
Sherwood numbers estimated from a mode! utilizing grain size distribution characteristics.
Analysis of the residuals between experimental and estimated Sherwood numbers reveals that

there are no error trends related to either soil type or Sherwood number.

Ottawa Sand
Wagner *18
Wagner *#50
Wagner Mix #*1
wagner Mix #2

Estimated Sherwood Number
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] S I 10
Experimental Sherwood Number

Figure 4.2.2: Model fit for styrene dissolution rates

To assess the relative abilities of the five models to predict dissolution rates under
conditions other than those used for their development, additional dissolution experiments were
conducted with TCE as the entrapped NAPL in three of the original sands and styrene as the
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entrapped NAPL in a sixth type of sand (Wagner Mix #3). This media was a poorly-graded
mixture, containing high percentages of very coarse and fine sands, and much smaller
percentages of medium-coarse sands.

For TCE, the models predicted a somewhat higher rate of interfacial mass transfer than
measured. On average, predicted Sherwood numbers are 1.4 times higher than experimental
values. Consideration of th differences between free liquid diffusivities of TCE and styrene
failed to account for these discrepancies. Another potential explanation of the discrepancy could
relate to variations in NAPL distribution patterns between the two compounds. An experimental
investigation including NAPLs with a wider range of solubilities would be required to explore
this possibility. In general, however, the phenomenological models developed from styrene
dissolution experiments provided reasonable estimates of TCE dissolution rates. For styrene
dissolution in the Wagner Mix #3, the model incorporating the grain size distribution parameters
was the most accurate.

It may be concluded from the above discussion that the correlation for the modified
Sherwood number expressed in terms of the Reynolds number, mean grain size (cm) and
uniformity index comprises the most appropriate phenomenological model for the NAPL
dissolution experiments conducted in this study. A comparison of this model with other
Sherwood number correlations reported in the literature for NAPL dissolution can be found in
Powers (1992). In general, these other Sherwood number correlations were poor predictors of
the NAPL dissolution observed in the present work.

Naphthalene

The results from the naphthalene sphere dissolution experiments consisted of a data base
of effluent concentrations as a function of column length, sand type, sphere diameter, volumetric
fraction of spheres and aqueous phase velocity. Mass transfer coefficients were calculated (eqn
4.2.1) from these data and incorporated into dimensionless Sherwood numbers (Sh = kf VDL)
where 1 is the characteristic length. Reynolds numbers, based on both the superficial (Re) and
interstitial velocity (Re') were used to describe aqueous phase flow, and a ratio of sphere to sand

grain size (dy/dsg)was used to represent relative blob size. Both sand grain diameter and sphere
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diameter were considered as the characteristic length in the Reynolds and Sherwood numbers.
Stepwise multiple regression analysis was performed to determine which of these dimensionless
variables were correlated to the Sherwood number. Results of the regression analysis indicated
that the models based on median sand grain diameter as the characteristic length were superior to
those based on sphere diameters. It was determined that Sherwood numbers were not correlated
to the column length, volumetric fraction or sphere size. Three equations were generated to
describe naphthalene mass transfer coefficients statistically from the stepwise multiple

regression analysis:

Sh = 81.7 Re %66 (R2=0.83)(4.2.6)
Sh = 37.2 Re' %656 (R2=0.83)(4.2.7)
and Sh = 46.4 Re' 0610 (dp/d50)-0-218 (R2=0.85)(4.2.8).

There was no statistical difference between the correlations based on superficial (eqn. 4.2.6)
and interstitial (eqn. 4.2.7) velocities. Exponents for the Reynolds number are very similar to
that determined for NAPL dissolution experiments (Re%6, eqn. 4.2.5). . This suggests that the
hydrodynamics in columns containing naphthalene spheres emplaced within a sand pack are

similar to those for columns containing entrapped NAPL blobs.

4.3 Transient Dissolution Experiments
Experimental Results

The results of the series of one dimensional transient column dissolution experiments
show that time required for complete dissolution of entrapped NAPL is many times greater than
predicted by equilibrium calculations. Figure 4.3.1 shows effluent concentrations from one of the
column experiments, as well as the cumulative mass of NAPL removed with the aqueous phase

over the course of the experiment.
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Figure 4.3.1: Example Results from Transirnt Dissolution
Experiment

Reduced effluent concentrations at late times can be explained by the reduction in NAPL
mass entrapped within the porous medium, and the corresponding decrease in total surface area
across which mass transfer can occur. Similar findings were reported by Geller (1993, 1990) and
Imhoff et al. (1990). The low concentrations required for drinking water guidelines and
departures from local equilibrium observed in this and other studies suggest that any attempt to
remove the very small mass of NAPL remaining within the column in order to meet drinking
water quality standards will take a significant volume of water.

In an earlier section, it was shown that the distribution of NAPL blobs entrapped in a
uniform porous media depend upon the median grain size, and it was hypothesized that this
would have an effect on the rate of removal of NAPL due to the differences in NAPL-water
surface areas associated with different NAPL blob sizes. Figure 4.3.2 presents data which
support this hypothesis; experimental measurements of normalized effluent concentration for
three uniform sands are compared to predictions based on the local equilibrium assumption.

While the local equilibrium assumption might be considered adequate for the Wagner #50 sand,
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predictions based on this assumption are certainly not representative of effluent concentrations
for coarser media at the column scale. These trends can be explained by the occurrence of blobs
with larger diameter, and hence smaller specific surface area, in the coarse sands compared with
finer media.

The uniformity of grain sizes also affects dissolution rate characteristics over the course
of remediation. Data from all experiments utilizing graded sands exhibited tailing of effluent
concentrations to some degree. This suggests that the larger multi-pore-space blobs show limited
dissolution at later times due to smaller specific surface area. Effluent concentrations from

uniform sands, however, consistently showed exhibited uniform curvature.
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Figure 4.3.2: Effect of Median Grain Size on Transient Styrene

Results of steady-state dissolution experiments indicated that effluent concentrations
decrease with increasing velocity due to a decrease in contact time between phases. The
implications of this on remediation efforts are presented in Figures 4.3.3a and 4.3.3b. As
anticipated from the steady-state results, the initial effluent concentration decreased with

increasing aqueous phase flow rates (3.8 to 15.2 m/d). Thus, at the higher flow rates, mass
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transfer limitations increased the total volume of water pumped through the column to achieve a

specific reduction in aqueous phase concentrations (Figure 4.3.3a). Removal was much more

rapid at higher flow rates, however (Figure 4.3.3b). Optimum aqueous phase velocities would,

thus, have to be determined on the basis of costs and health risks associated with both pumping

duration and volume of water requiring treatment. Further discussion of the above trends may be

found in Powers et al. (1993a).
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Figure 4.3.3: Effect of Aqueous Phase Velocity on NAPL Dissolution: a. Pore
Volumes of Water; and, b. Time Required to Reduce Effluent Concentrations

The implications of the effects of sand type, solubility and aqueous phase velocity on

remediation efforts are clear from the above discussion. Efficiency of clean-up operations,

defined in terms of pore volumes of water pumped through the contaminated region requiring

treatment, has been shown to decrease with increasing aqueous phase velocity, distribution of

NAPL as large or multi-pore-space ganglia and low solubility NAPLs. Significantly more water

was required to reduce effluent concentrations at the column scale than that predicted by

equilibrium considerations. Although it is difficult to drw quantitative predictions of

remediation efficiencies from these data, phenomenological models can be developed, to model
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remedial alternatives under a wider range of conditions than explored by this sparse matrix of
experiments.
Development of Phenomenological Models

Two conceptual models were developed to describe transient mass transfer rates over the
course of removal of NAPL from the one-dimensional column systems. One model, the "theta
model," treats the lumped mass transfer coefficient as a function of decreasing NAPL volumetric
fraction. The secnnd conceptual model describes blob distributions as a set of spherical globules
with a range of diameters. This model, the "sphere model," utilizes independcnt equations for
mass transfer coefficients and NAPL-water specific surface area. Assuming that a linear-
driving-force model can adequately represent interphase mass transfer in sandy media, these
mass transfer expressions can be incorporated into a one-dimensional partial differential equation
describing spatial and temporal variations in aqueous phase concentrations due to NAPL

dissolution processes (Powers et al., 1991):

ew%(% .—.ga;{ewoh%%} - q%% +k (c-C) (4.3.1)

where q is the superficial aqueous phase velocity; 8y is the volumetric fraction of the aqueous
phase and, Dy, is the hydrodynamic dispersion coefficient. For the pure phase NAPLs used in
this work, the aqueous phase concentration of solute in equilibrium with the NAPL, Cs, is
defined as the organic phase solubility in water. The hydrodynamic dispersion coefficient is

customarily represented for one-dimensional transport as (Bear, 1972):

Dp = 0 6‘L+ DL (43.2)

w

where af, is the longitudinal aquifer dispersivity and 7 is the tortuosity.

The theta and sphere conceptual models were incorporated into a finite-element model,
GANGLIA, (Abriola et al., 1993) to simulate variable effluent concentrations as a function of
water volume pumped through the column. This finite-element model solves the non-linear
solute transport equation presented above. Values of non-linear coefficients are lagged one time

step as described in Powers et al. (1991). The numerical accuracy of the developed simulator
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was verified through comparisons with model predictions of the simulator presented in Powers et

al. (1991).

Theta Model for Transient NAPL Dissolui
Model Development

The theta model was developed on the premise that, for any given porous medium, the
change in lumped mass transfer coefficients as NAPL is removed from the system can be related
to the volumetric fraction of NAPL in the system. Experimental results have shown that as the
mass of NAPL in the system is reduced, concentrations decrease, implying that the lumped mass
transfer coefficient must also be decreasing. Expanding upon the Gilland-Sherwood type
equation developed for steady-state dissolution rates (eqn. 2.1.2), it was hypothesized that an

expression of the form:

n
Sh' = o, Re’P1 5P2 y;P3 [gﬁ}"‘ 43.3)
0

could describe transient mass transfer rate coefficients. Here , B1, B2, and B3 were given in
Table 4.3.1 (third equation), and 6;, is the initial volumetric fraction of NAPL in the system. The
coefficient B4 was assumed to be dependent on blob shape, and therefore on porous medium
type. Since interstitial velocities also change during transient dissolution processes, dependence
of the modified Sherwood number on a Reynolds number defined in terms of interstitial velocity
(Re' = Re (€ s%)!) rather than superficial velocity was used.

This correlation for modified Sherwood numbers was rearranged to provide an expression
for a lumped mass transfer coefficient, (ﬁ = Sh' dsf,/DL), and was incorporated into the finite-
element model GANGLIA. Values of the volumetric fraction of NAPL, and hence mass transfer
rate, were lagged one time step in this formulation. Small time steps (~0.1 hours) were used to
ensure that the rate of change of saturation within each element was very small over each time

step. Global mass balance error never exceeded 1%.
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Model Calibration

Assessment of the B4 parameter indicated that model simulations were highly sensitive to
the value of B4 over the range of 0.5 to 1.0 predicted by geometrical considerations. Actual
values of B4 appropriate for transient NAPL dissolution were obtained through calibration of the
code to transient styrene data sets. Optimal fits of the styrene dissolution data, presented in
Figures 4.3.4a and b, show that the theta model is capable of reproducing the trends observed in
the data. Multiple linear regression analysis indicated that 4 values can be correlated to the
normalized median grain size (8=ds¢/dm) and uniformity index of the sand (R2 = 0.97):

B4=0.518 +0.1148 + 0.10 U; (4.3.4)

Here dy is taken as the diameter of a "medium" sand grain (dp=0.05 cm), as defined by the
United States Department of Agriculture (Driscoll, 1986).
Model Verification

The correlation for B4 coefficient values (eqn. 4.3.4) was incorporated into the numerical
simulator to predict effluent concentrations from TCE dissolution experiments. It was generally
found that this model, which was based on styrene dissolution data, is a good predictor of TCE
effluent concentrations. Figures 4.3.5a and b present predictions for uniform and graded sands
respectively. Discrepancies between the theta model and characteristic trends in effluent
concentration data from uniform sands discussed above also apply to prediction of TCE effluent
concentrations. That is, the model prediction has greater curvature as concentrations decrease
than exhibited by the data (Figure 4.3.5a). The general trends in decreasing effluent
concentrations observed in graded sands (Figure 4.3.5b) are well represented by the theta model.
The tailing characteristic of the effluent concentrations from graded sands is not entirely captured
by the theta model. A lack of data in the low concentration region makes it difficult to assess
the significance of this discrepancy.

Experiments were not conducted to assess the validity of the theta model for a sand other
than those utilized for model development. Further discussion of the applicability of the theta

model can be found in Powers et al. (1993a).
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Sphere Model for Transient NAPL Dissoluti
Model Development

The sphere model was developed with data independent of the transient dissolution data
presented above. The basis of this model was the hypothesis that NAPL dissolution could be
modcled with a linear-driving-force mass transfer expression (2.1.1) in terms of independently
defined mass transfer coefficients and specific surface areas. This approach follows that
described by Powers et al. (1991). In this case, however, NAPL blobs were modeled as spheres
with a range of diamecters rather than as equally sized spheres throughout. The methodology for
determining specific surface arca and mass transfer coefficients are described below.
Representative sphere dimensions for use in this model were based on polystyrene blob
distrubution studies discussed in section 4.1. Diameters determined experimentally were used
along with the mass (or volume) fraction of each size (f.-i) to describe the distribution of NAPL

for the sphere model. The specific surface area (ag) was calculated as:

n
i
8™ = E ée—f;,s-'lfm‘ (4.3.5)

i=l

where n is the number of size ranges considered, R is a representative spherc radius within size
range i, and f,' is a calibration parameter to describe discrepancies between actual blob shape
and the idealized sphere geometry and to account for the fact that only a fraction of surface area
is exposed to mobile water. The porosity term in the denominator was included only for those
blobs which were large enough to incorporate sand grains within the total blob volume. Porosity
was excluded from this expression for blobs expected to occupy one or two pore bodies. Over
time, as NAPL is removed from the column, the blobs' radii and surface areas change.
Incorporation of this transient surface area is critical for model development.

The sphere model as presented here is based on the correlation developed from

naphthalene dissolution experiments in terms of Sherwood number as a function of Reynolds
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number based on interstitial velocity (4.2.7). Use of this correlation accounts for the changing

pore-water velocity over time as the blobs shrink.

Model Calibration

The mass transfer coefficient correlation (4.2.7) and the expression for sphere surface
area (eqn. 4.3.5) were incorporated into the numerical code GANGLIA in order to simulate
effluent concentrations for column experiments. These parameters change with time as NAPL is
removed from the column, and calculation of these parameters was lagged one time step behind
calculation of nodal concentrations.

The parameter f,! was used to calibrate the model using the styrene dissolution data.
Sphere model simulations based on f; values which were fit to experimental data sets did an
excellent job of describing data over the course of time required to remove NAPL from column
systems (Figures 4.3.6a and b). The data from graded sands (Figure 4.3.6b) showed
characteristic changes in the slope of the data. This behavior has been interpreted as time periods
controlled by dissolution of different blob sizes. The sphere model also predicts these changes in
slope as small blobs, and then larger blobs, disappear from the system. Although the overall

trend of the model simulation is consistent with data, the actual curvature of data is not followed.

Model Verification

Average values of fy, were used with the sphere model to predict effluent concentrations
for TCE dissolution experiments to verify the model. Two different averages were considered
for prediction of each TCE experimental data set: the average fy, value from calibration of all
styrene dissolution data sets (f=0.72), and the average value of fy, within each type of sand.
Since mass and size distributions of effective spherical blobs are also required as input
parameters, this model is only capable of predicting NAPL dissolution from sands for which

styrene emplacement, polymerization and blob size analysis has been conducted.
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Comparison of model predictions to experimental data is illustrated in Figures 4.3.7a and
b. The model was an excellent predictor of TCE dissolution from Wagner #18 sand (Figure
4.3.7a). Prediction of effluent concentrations from experiments utilizing graded sand were not as
good (Figure 4.3.7b). The sphere model did not adequately reproduce the location of changes in
slope of the data as plotted in the figures. The significance of this is hard to determine due to the
lack of data points at very low (<1 mg/l) concentrations. In all cases, sphere model predictions
based on average f, values for each sand were superior to those based on the overall average fn

value (fn=0.72). Further discussion of the sphere model can be found in Powers et al. (1993b).

Al ive Transient Dissolution Model

Miller et al. (1990) developed a correlation for the modified Sherwood number in terms
of the Reynolds number and volumetric fraction of NAPL in the system. The range of NAPL

volumetric fractions considered was based on the amount of NAPL stirred into a packed bed of

glass beds. This correlation:

Sh' = 425(e-6") Re'073 gn 060 (4.3.6)
was determined from a series of steady state dissolution experiments.
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A simpler version of the sphere model described above has been used by Geller (1990) to
describe effluent concentrations of benzene from column experiments. Benzene was entrapped
in the middle portion only of a glass bead pack, resulting in flow of water through and around the
NAPL contaminated region. Geller utilized a mass transfer coefficient correlation developed for
a packed bed of naphthalene spheres (Wilson and Geankoplis, 1966), and assumed that NAPL
blobs were distributed as mono-sized spheres with all of the surface area exposed to mobile
water (fm=1.0); the initial diameter of NAPL spheres was used as a fitting parameter. Geller
found that, simulations from this model, with initial sphere diameters ranging from 0.15-0.40 cm,
closely matched experimental data.

Figure 4.3.8 compares simulations from the two models described above with predictions
of the sphere and theta models developed in this work. The simulaticns considered styrene
dissolution in a graded sand. The figure indicates that the Miller et al. correlation significantly
underpredicts the volume of water required to remove styrene from the sand examined. The
single-size sphere model of Geller does a better job of reproducing the data, but shows

significantly more curvature than suggested by the data.




5.0 TWO DIMENSIONAL MODELING

The sphere model described above was incorporated into a two-dimensional numerical
simulator in order to predict and investigate NAPL dissolution processes in field scale settings,
as described in Abriola et al. (1993).

The simulator was used in conjunction with a multiphase flow simulator to explore the
transport and fate of a spill of TCE occurring in a layered system of fine sands. The simulators
were used to examine the potential influence of soil heterogeneities, both in controlling the initial
formation of the NAPL residual saturation distribution, and in the long term dissolution and
flushing of the residuals. Prediction of field scale dissolution processes can also be substantially
affected by non-equilibrium mass transfer limitations. Mass transfer coefficients used in this
work were established from laboratory measured steady-state napthalene dissolution experiments
performed by Dunkin (1991) (eq. 4.2.7).

The simulation scenario presented in Figure (5.1) involves a lower permeability layer
located between two higher permeability strata. Permeabilities in the two formations differ by a
factor of two. A spill of TCE occurs for a period of 15 days, after which redistribution of the
NAPL and dissolution occurs. An impermeable boundary is located at the base of the domain,

with hydrostatic conditions imposed at the left and right boundaries.

TCE release rate = 100 L/day
duration = 15 days

2m fine sand

hydrostatic

) conditions
'm silty sand ‘)
-L uun S oS GEgy "GN A I G O GEED AR GRS TR

2m fine sand

impermeable boundary .j

Figure 5.1 Configuration of the simulation domain
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The initial NAPL distribution and, consequently, the methodology used to predict the
distribution are critical to the prediction of the overall removal efficiencies. Here a “realistic”
residual distribution of TCE was established by employing predictions from a multiphase flow
simulator which accounts for hysteretic entrapment processes (Abriola et al., 1992). Simulation
of the NAPL spill and subsequent dissolution was carried out sequentially. Coupled flow
equations describing the simultaneous migration of water and TCE were solved initially,
assuming an absence of NAPL dissolution. This assumption is reasonable given the relatively
fast migration of the NAPL, low solubility of the TCE and the large quantities of water which
must be flushed past the organic in order to fully remediate the site. After a quasi-residual TCE
distribution was established, a regional water gradient was imposed through the domain to
induce dissolution.

Results of a migration/dissolution simulation are presented in Figure (5.2) for the duration
of the contamination event. The upper two plots present the predicted TCE saturations from the
multiphase flow model. The effects of the lower permeability stratum are clearly evident in the
first plot. The downward vertical migration of the NAPL is impeded by this layer, causing
ponding and lateral spreading. After building up sufficient pressure head for breakthrough, some
of the NAPL continues on a downward course until the lower impermeable boundary is
encountered. After one year of redistribution, the TCE was assumed to be effectively immobile.

Following emplacement of the NAPL residual, the two-dimensional dissolution simulator
was used to simulate long-term dissolution of the TCE residuals under a regional groundwater
gradient of 0.005 m/m. The steady-state mass transfer correlation developed by Dunkin (1991)
was used in conjunction with the sphere model presented above to predict rates of mass transfer
between the organic and aqueous phases. TCE residual blobs were modeled as uniform
spheres, with an initial diameter estimated from correlation of the mean grain size of entrapped
styrene blobs as reported in Powers (1992). At each time step the saturation dependent relative

permeability of water was evaluaied using a scaled vanGenuchten (1980) form for relative



permeability. A summary of all input parameters used in the simulator may be found in Abriola
et al. (1993).

The bottom four plots of Figure (5.2) show the progression of TCE dissolution and
flushing as a result of the regional groundwater flow. As expected, TCE removal is observed to
occur primarily on the upstream (left) side of the zone of entrapment, where the concentration
driving force (eqn 2.1.1) is the greatest. The effects of heterogeneity are also clear. Permeability
and, consequently, flow rates are largest in the upper and bottom layers. This results in greater
rates of dissolution and flushing in these layers, even though the majority of TCE mass is
entrapped in these layers. Overall flushing time is prolonged by the lower flow rates encountered
in the middle layer.

The simulation performed illustrates the influence of soil heterogeneities, both in
controlling the formation of the initial NAPL distribution and in the rate of NAPL dissolution.
NAPL drainage in a layered system, with a permeability difference of one-half, was substantially
impeded by the soil stratum, causing significant lateral spreading in the upper layer. In the
simulation of NAPL dissolution and flushing, an overall reduction in the flushing rate was
observed due to bypassing and lower flow rates in the less permeable layer. Ultimately,
simulations reveal that accurate representation of field scale dissolution processes is substantially
influenced by three phenomena: the residual NAPL distribution, the rate of NAPL interphase

mass transfer, and soil heterogeneities.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The presence of nonaqueous phase liquids in the subsurface creates a long-term source of
pollution which is difficult to remedy. A general lack of understanding of the physical and
chemical phenomena goveming the fate of these contaminants limits our ability to develop
effective remediation strategies to reduce public health risk associated with these spill sites. The
focus of this research work was on the development of a better understanding of the NAPL-water
interphase mass transfer processes. Broadly stated, the objectives of this work were the
experimental measurement of NAPL dissolution rates in laboratory sand columns, the
development of phenomenological models for these rates in terms of measurable soil and fluid
properties, and the application of these models to evaluate the potential significance of non-
equilibrium processes. The primary hypotheses of this research were that: 1) the local
equilibrium assumption may not adequately describe dissolution rates under high aqueous phase
flow rates; 2) the distribution of NAPL in the subsurface is a crucial parameter impacting mass
transfer processes; and, 3) these NAPL distributions, and hence dissolution rates, are a function

of the pore structure of a porous medium.
Several specific conclusions were reached based on the experimental results of this work.

* NAPL blob distributions depend on porous medium properties. Entrapped blobs were
larger in coarse sands than in fine sands because the pore bodies are larger in the
coarse media. In graded media, small-scale heterogeneities led to the entrapment of a
few, large (~0.5-cm diameter) NAPL blobs.

» Effluent concentrations from one-dimensional column experiments varied with
aqueous phase velocity. Greater deviations from equilibrium conditions occur at high
aqueous phase velocities due to the reduction in contact time between phases.

» Steady-state effluent concentrations also varied with porous medium characteristics.
Differences in the volumetric fraction of NAPL entrapped in the columns did not
account for these discrepancies. More styrene was entrapped in the Wagner Mix #1
sand than in the medium-fine Wagner #50 sand, but, effluent concentrations from the
column packed with the graded sand were lower.

* Results of transient dissolution experiments indicate that deviations from equilibrium
are greater in coarse and graded sands. More than twice as much water was required
to reduce effluent concentrations from the coarse Wagner #18 to 1% of the
equilibrium concentration than required for the finer Wagner #50 sand.

* NAPL shape and size distributions can beused to explain the dependence of
dissolution rate on porous medium characteristics. The larger blobs entrapped in
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coarse and graded sands have less specific surface area across which mass transfer
can occur resulting in slower dissolution rates in comparison with dissolution rates in
finer, uniform media.

* Due to decreasing interfacial area for mass transfer as entrapped organic is dissolved,
mass transfer limitations under transient conditions were found to be more significant
than in the steady-state case.

These conclusions support the original hypotheses of this work. It was demonstrated that
there are conditions under which the local equilibrium condition cannot adequately descrite
NAPL dissolution in laboratory-scale columns. Furthermore, it was shown that dissolution rates
are very sensitive to porous medium properties, due to differences in blob shape and size
distributions.

Specific conclusions reached based on the mathematical modeling of dissolution
processes include:

* In correlations for the modified Sherwood number, the inclusion of parameters
quantifying pore-structure properties as surrogate measures of surface area greatly
improved the phenomenological models' capacity to describe variation in steady-state

dissolution rate data (high R2 values).

* Based on the results of the model verification, it is concluded that the optimal steady-
state mass transfer rate model is the correlation for the modified Sherwood number in
terms of the Reynolds number and grain-size-distribution parameters:

Sh' = 8.41 Re0.61 §0.64 Ui0'41

* Phenomenological models for long-term dissolution of NAPLs must account for the
decreasing surface area as NAPL mass is removed from the system. The relationship
between decreasing surface area and time depends on blob shape and, hence, porous
medium characterist.cs.

* Both the theta and sphere models developed in this work can fit transient styrene
dissolution data for a range of sands. An assessment of the quality of the fit, as
quantified with the sum-of-square difference between model simulations and
experimental data, indicates that the theta model fits data from coarse or graded sands
better than the data from medium to fine uniform sands.

* The calibration parameter for the theta model, B4, is correlated to grain-size-
distribution properties.

* The calibration parameter for the sphere model, fm, varies among sand types, but is
not statistically correlated to grain-size parameters or aqueous phase velocities.

* The sphere model is conceptually more appealing than the theta model. However,
this mode! requires a substantial amount of input data to describe blob distributions.
The theta model only requires gain-size-distribution parameters and a good estimate
of the initial residual saturation, making it easier to implement than the sphere model.

* Due to the incorporation of parameters describing the differences in pore structure
among different types of sand, there is less error between transient dissolution data
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and model simulations for those developed in this work than for those in recent
literature. Thus, it may be feasible to apply the theta model to NAPL dissolution

roblems in sandy media, other than those tested herein. Other models in the
iterature, however, have limited potential for application.

The laboratory- derived phenomenological models for interphase mass transfer were
incorporated into a two-dimensional transport simulator. This simulator should be a useful tool
for the analysis of the impact of mass transfer limitations at a larger scale. This numerical
modeling work indicated that:

* Nonequilibrium processes may have a pronounced effect on field-scale dissolution
processes.

» Soil heterogeneities play a significant role in field scale NAPL dissolution, both in

controlling the formation of the initial NAPL distribution and by affecting the rate of
NAPL dissolution.

6.2 Recommendations for Further Research

The primary focus of continued research efforts in this area should be to understand and quantify
the impact of heterogeneity on NAPL dissolution processes. Both field-scale and pore-scale
heterogeneities could substantially impact NAPL dissolution rates and, hence, could adversely
affect engineering approaches to remedying NAPL spill sites. An improved understanding of
NAPL-water mass transfer processes could provide insight into a wide range of remedial
alternatives, including bioremediation and enhanced pump-and-treat methods. Specifically,
future research in the area of NAPL dissolution should include:

» Exploration of alternative means for assessing pore-scale NAPL blob distributions
and subsequent scaling to field scale systems.

* Experimental investigation of the relationship between scale, NAPL distribution and
dissolution rates in larger column, sand box and field-scale experiments.

* Investigation of the distribution of NAPL and subsequent dissolution rates in
heterogenenus porous media.

* Development of a methodology to scale results from NAPL dissolution laboratory
column experiments to larger scale systems.

* Further development of numerical models to assess implications of rate-limited
NAPL dissolution processes.

* Measurement of mass transfer rates in other aquifer remedial alternatives.
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