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SYNOPSIS

Knowledge of DNAPL migration behaviours in shallow unsaturated land elements might
be useful in characterizing and deciding suitable remediation techniques for DNAPL
contaminated sites. One-dimensional simulations of simultaneous heat, moisture, and gas and
aqueous phases DNAPL transport in soil due to diurnal land-atmosphere interactions was
carried out. The top 0.11-m soil was initially contaminated with uniform DNAPL
concentrations in aqueous and gas phases. Two cases of moisture content scenario were
presented in the simulations. The results indicated that vegetation cover played significant
roles in soil heat and moisture budgets in addition to soil composition and their properties.
Vegetation cover significantly reduced the incoming solar radiation to the ground surface
resulting to smaller diurnal fluctuations in soil temperature and moisture contents in
vegetated lands. The decrease in aqueous phase DNAPL concentrations in the contaminated
soil layer and the downward migration depths were relatively bigger in vegetated lands.
Rainfall percolation further reduced diurnal soil moisture fluctuations resulting to bigger
aqueous phase DNAPL migration depths. Gas phase DNAPL exhibited bigger vertical
spreading tendency. Further investigations including other process in the contaminant
transport equations, and sensitivity analyses on their relative importance would provide more
insight in the matter. '



1. INTRODUCTION

Subsurface contamination by Dense Non-aqueous Phase liquids (DNAPLs) has more than
half century’s history in the industrialized countries. The production and use of some of the
DNAPLs, such as trichloroethylene (TCE), were first reported in the United States, Germany
and United Kingdom in the early 1900. Their production and use increased proportionately
with the industrial development. At a time, the use of dense chlorinated solvents was
considered as an indicator of industrial and economic growth. A close look into the history of
DNAPL production and use reveals that the major subsurface contamination occured in
between 1950 and 1980. From early 1980s onwards, a huge flux of subsurface contamination
reports were available resulting to active engagement of governments, policy makers,
scientists and researchers to prevent further contamination and remediate the contaminated
sites.

DNAPL’s peculiar physical properties render them highly mobile as well persistent in the
subsurface environment. Bigger densities, lower viscosity and smaller interfacial tension with
liquid water enhance rapid migration. Most of the DNAPLs are highly volatile resulting to
increased gas phase contamination. Lower degradability and smaller absolute solubility with
water keep them in the subsurface as DNAPL pool for longer period. On the other hand,
appreciable relative solubility, for example TCE, contaminates soil and groundwater many
folds higher than the maximum contaminant level (MCL) specified in the environmental
standards. '

Many literatures are available on DNAPL subsurface contamination and remediation.
Depending on subsurface moisture conditions, contamination cases can be broadly classified
into two: (a) saturated and (b) unsaturated. Since the focus of this paper is on the second point,
some of the relevant literatures on DNAPL subsurface contamination in unsaturated
conditions are briefly discussed in this section. Sleep and Sykes (1989) carried out an
extensive numerical analysis on TCE transport in variably saturated soils. Dissolution and
volatilization of immobilized TCE mass transport in aqueous and gas phases and gas-liquid
partitioning between aqueous and gas phases were taken into consideration for two different
surface boundary conditions. The simulation results revealed that the consideration of gas-
liquid partitioning between aqueous and gas phases resulted to greater horizontal and vertical
spreading of aqueous phase plume. TCE dissolution rate increased and volatilization rate
decreased by the inclusion of gas-liquid partitioning. The increase in mass transfer
coefficients increased the gas and aqueous phase concentrations. More interestingly, the
change in ground surface boundary conditions showed significant impact on lateral and
vertical plume spreading in aqueous and gas phases. Impermeable boundary at surface
enhanced such spreading of plumes. "

Arands et al. (1997) used modeling and experimental approach to study the gas phase
diffusion of volatile organic contaminants (VOCs) in unsaturated soil. The results indicated
that the volume fraction of vapor phase in soil significantly influenced diffusive transport of
VOCs in unsaturated conditions. As soil water content increased, the vapor filled volume
fraction in soil became more tortuous resulting to reduction in vapor phase transport. Conant
et al. (1996) carried out similar field and numerical modeling investigation on TCE vapor
transport in unsaturated soil zone. The field experiments revealed that a vapor plume
migrated several meters laterally and downward to the capillary fringe within only a few days.
Comparisons between the results for winter and summer conditions indicated that seasonal
temperature variations could have a strong effect on source concentrations, vapor transport
rate and contaminant mass transport. Variability in organic carbon content showed significant
control over the relative migration rates at different soil depths. Many authors mainly focused
on volatilization and gas phase VOC migration in the subsurface (e.g. Wilkins et al., 1995).



Yates et al. (2000) developed and compared several analytical solutions to simulate one-
dimensional VOC gas transport in unsaturated layered soil system. The experimental
investigation of Maraga et al. (1999) on the effect of water saturation on retardation of
groundwater contaminants indicated that volatilization might have significant impact on
retardation of organic compounds with higher values of Henry’s constant in aquifer with low
organic matter content.

In the recent past, some authors investigated the effects of vegetation on VOC and
DNAPL migration in the subsurface. An experimental study of Zhang et al. (1998) reported
that vegetation accelerated TCE upward movement due to root water uptake and plant
transpiration. This process enhanced mass transfer and TCE dissolution resulting to increase
in TCE concentration both in aqueous and gas phases. Narayanan et al. (1996) used
experimental and modeling approach to examine the fate of TCE in a chamber with alfalfa
plants. The results indicated that the moisture distribution in soil significantly affected TCE
transport in the subsurface. The major TCE loss in soil was through the volatilization
mechanism. Root water uptake and evapotranspiration phenomena associated with the
actively growing alfalfa plants enhanced upward moisture movement resulting to increased
volatilization. However, very little is known about the impact of vegetation on the fate of
DNAPLSs and other chlorinated solvents in the subsurface and hence more specific studies are
needed to reach to the realities.

The change in heat and moisture budget is one of the most important factors in assessing
the fate of dense chlorinated solvents in the shallow subsurface. Industrialization has
enhanced the widespread use of DNAPLs, where as urbanization significantly changed the
existing heat and moisture budgets in the topsoil. It is essentially important to understand the
extent of contamination and local environmental situation before applying any remedial
techniques to a DNAPL contaminated site.

Diurnal interactions between soil and atmosphere play vital role on the fate of volatile
contaminants in shallow subsurface, and the degree of interaction varies with various surface
and subsurface conditions. However, the fates and transport behaviors of these contaminants
in shallow subsurface for different land-use conditions are not well investigated.

The objective of this paper is to compare aqueous and gas phase TCE (a typical DNAPL)
migration into shallow subsurface from the top contaminated soil layer in four different land-
use conditions. The four land elements, bare soil, short-grass covered land, forest covered
land and porous pavement, are taken into account in this study, because they are typical
surface coverings and land-use conditions. The knowledge of heat and mass budgets,
including volatile contaminants, in these elements are expected to be of significant
importance in land planning. Only the simplest aspect of vegetation is considered here to
compare the fate of TCE in aqueous and gas phases. Two cases of vegetation are presented
here (short grassland and densely forested land) to compare the impact of vegetation types.
Soil composition and its hydraulic and thermal properties characterize the land-use conditions
in addition to the vegetation parameter.

2. SIMULATION MODEL AND TRANSPORT EQUATIONS

2.1 Simulation Model

Soil-Atmosphere Linking Simulation Algorithm (SALSA) coupled with equations for
simultaneous transport of heat, moisture and DNAPL in soil has been used in this simulation.
ten Berge H.F.M (1990) first developed SALSA model to predict heat and moisture transfer
between bare topsoil and lower atmosphere due to diurnal interaction between them. The
accuracy of the model and the usefulness of the simulation results were evaluated in the
earlier investigations (ten Berge, 1990 and Son et al., 1999). Later, Sato et al. (2001)



attempted to use the model for four different land-use conditions. In this paper, we have
attempted to modify the existing SALSA model by introducing a system of equations for
simultaneous transport of heat, moisture and dense volatile chlorinated solvent (DNAPL) in
the subsurface and compare the migration behaviour in aqueous and gas phases among the
four different land-use conditions. A conceptual diagram of land-atmosphere interaction with
four types of land elements (land-use conditions) is presented in figure 1. The four land
elements exhibited different surface and subsurface characteristics. The bare soil represents
the land without any vegetation at the ground surface. The short-grass element denotes the
land covered with sparse short-grasses. The forest element represents densely forested area.
Similarly, the porous pavement element indicates compacted pavement materials that are
intended for drainage or parking purposes in urban areas. Even though, all these four
elements are shown together in figure 1, they are dealt with separately in simulation studies
while investigating the fate and transport behaviours of the contaminant under the conditions
set for each element.
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Fig. 1 Conceptual diagram for land-atmosphere interaction

2.2 Transports in the Atmosphere

A detailed description of the transport equations in the atmosphere is presented in ten
Berge (1990) and other similar literatures. We have outlined only the main equations in this
section.

Momentum, heat, moisture and turbulent kinetic energy (TKE) transport in vertical
direction in the atmosphere are expressed by the following equations:
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where, u and v = wind velocities, T = momentum flux, é = air potential temperature, E =
water vapor flux density, H = sensible heat flux, f = coriolis parameter, q = moisture mixing
ratio, p, = air density, C, = specific heat of air at constant pressure, ¢ = TKE, Ay = length

scale, ¢ = empirical parameter, T, = air temperature and Ky = transport coefficient for

momentum.
The following equations express the fluxes of momentum, sensible heat and water vapor

near the ground surface:
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where, z = surface roughness height, z,, = height at which the state variables are measured, r,
= aerodynamic resistance and r, = vegetation resistance.

The subscripts M, H and V in equations (4) and (5) indicates momentum, heat and vapor
respectively.

2.3 Transports in the Subsurface

__ Simultaneous transport of heat, moisture and DNAPL in aqueous and gas phases are
“considered in the subsurface migration (Takano et al., 2001). Moisture transport in
unsaturated soils is considered to be in liquid and vapor phases, which includes vaporization
and condensation. The following equation expresses liquid water transport in the unsaturated
soil.
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where, 0, = volumetric liquid water content, k = saturated soil permeability, k;, = relative soil
permeability, M = DNAPL molar mass, T = soil temperature, R = universal gas constant, C
= aqueous phase concentration, £ = soil porosity, Wm = matric potential head, Kg = coefficient
of internal evaporation for water, P, = water vapor pressure, Pys = saturated water vapor

pressure and ¥, = mole fraction for liquid water.
Water vapor transport is governed by the following equation.
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where, & = correction factor for vaporizing area, 1 = tortuousity factor, Day,y = water vapor
diffusivity in atmosphere and R, = gas constant for water vapor.

Two-phase DNAPL transport in the subsurface is taken into account in this simulation,
which includes volatilization. The effect of immiscible phase on aqueous and gas phase
transport is neglected. The aqueous phase DNAPL transport including adsorption on the solid
matrix can be expressed by the following equation.
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where, ps = apparent density of soil, K4 = aqueous phase DNAPL adsorption coefficient, D, =
aqueous phase DNAPL diffusion coefficient, V, = liquid water Darcy velocity, K, = DNAPL
gas generation coefficient, H, = dimensionless Henry’s constant for DNAPL and C; = gas
phase DNAPL concentration.

Diffusion and convection are the two important mechanisms taken into account in equation
(8). The first and the second terms in the right hand side of the equation represent these two
processes respectively. The third term accounts for the volatilization of the dissolved phase
DNAPL. The last term does indicate aqueous phase concentration change due to liquid water
vaporization, which is an important term in contaminant transport (Takano et al., 2001).
However, its relative significance in the case of DNAPL contaminants is yet to be
investigated.

The following equation expresses gas phase DNAPL transport in the subsurface, which
includes diffusion and adsorption on the solid matrix.
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where, Damg = DNAPL gas diffusion coefficient in the atmosphere and K, = gas phase
DNAPL adsorption coefficient.

Diffusion is assumed to be the dominant gas phase contaminant transport mechanism in
the fine-grained unsaturated soil domain, and hence other transport processes, such as
density-driven advection, are neglected in equation (9) at this stage.

Conduction, convection and latent heat of vaporization for liquid water and aqueous phase
DNAPL are taken into account in developing heat transport equation in the soil domain.
Finally, the heat transport equation can be expressed as follows.
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where, A = therma] conductivity of wetted porous matrix, C, = specific heat of liquid water,
Ty = reference temperature, L, = latent heat of vaporization for liquid water, L. = latent heat
of vaporization for aqueous phase DNAPL and C; = specific heat capacity of wetted porous
matrix.

3. CHARACTERIZATION OF LAND-USE CONDITIONS

As mentioned in the previous section, four land elements were taken into account in the
simulations to compare DNAPL migration behavior in aqueous and gas phases in unsaturated
condition, which represent some of the typical land-use conditions in urban environment.
From vegetation point of view, the land-use conditions can be classified into two: (a)
vegetated and (b) non-vegetated. Two types of vegetations were considered. One was short
and sparse grass (SG) and another was tall and dense forest (F). Two different vegetation
resistance values to vapor transport at the ground surface differentiated these two cases in
simulation. Since only simple vegetation aspect was included in the simulations, the
simulated results provide general information about the influences of vegetation on shallow



subsurface contaminant migration. The non-vegetated surface included bare soil (BS) and
compacted pavement material termed as “Porous Pavement” (PP). Soil composition,
hydraulic, thermal and surface radiation properties characterized the four land-use conditions
in addition to vegetation resistance.

The soil domains in the four land-use conditions were assumed to be homogeneous and
isotropic for the simplicity. The two vegetated elements (SG and F) and bare soil element
correspond to real field scenarios while the porous pavement element may be slightly
different from the real problem. Nonetheless, the simulation results are expected to be
valuable either directly or indirectly in understanding redistribution and vertical migration
behaviors of DNAPL contaminants in different land-use conditions. Some of the parameters,
which characterized the four land-use conditions, are given in table 1.

Table 1 Parameters that characterized the land-use conditions

Land-use Conditions
Parameters
' BS SG F PP
Surface roughness height (m) 0.005 0.05 . 1.0 0.001
Vegetation resistance (s/m) 0.0 15.0 100.0 0.0
Soil porosity (m*/m’) 0.40 0.42 0.45 0.25
Saturated soil permeability (m%) 1.256x10™ | 4.485x10™ | 8.97x10™ | 8.97x10"®
.| Dry condition 0.20 0.23 0.26 0.10
Ibed

Surface albedo o S adition 0.10 0.12 0.16 0.05
Surface Dry condition 0.90 0.95 0.97 0.88
emissivity Wet condition 0.95 0.97 0.99 0.95
Soil Clay fraction 0.25 0.25 0.25 0.01
composition Organic matter 0.01 0.07 0.10 0.0
Quartz fraction 0.34 0.26 0.20 0.74

The unsaturated soil primarily consisted of five components: clay minerals, organic matter,
quartz, liquid water and gases. The thermal, hydraulic and radiation properties depended on
the proportions of these constituents. Porous pavement was assigned the smallest porosity
value. The fraction of organic matter and porosity increased for vegetated land conditions as

depicted in the table. The thermal heat conductivity in soil (A) was calculated using the

following relation.
2
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where, a, B and y are constants that were computed based on soil composition. TCE was

adopted as a representative DNAPL in the simulation.

The flow velocities in both phases were assumed to be smaller in the unsaturated soil
domain. The dimensionless Henry’s constant, latent heat of vaporization and diffusion
coefficients in aqueous and gas phases were 0.236, 2.397 x 10° (J/kg), 1.515 x 107 (m?/sec.)
and 6.94 x 107 (m%sec.) respectively (Sleep et al., 1989). Most of the parameters used in the
simulation were taken from literatures. ‘

4. SIMULATION CONDITIONS AND COMPUTATION PROCESS

4.11Initial and Boundary Conditions



The atmospheric domain consisted of eleven uneven horizontally homogenous meshes.
The mesh size near the ground surface was the smallest and it increased towards the upper
atmospheric boundary. The upper boundary was fixed at 3069-m from the ground surface, at
whichu=u;=10m/s, v=v;=0, % =1,=0, H=E = 0 and 0e/0z = 0. Equations (4) and (5)
governed for the surface boundary conditions. In addition to this, the summation of all the
energy fluxes was equated to zero at the surface. Atmosphere was considered to be an infinite
sink for DNAPL gas phase contaminant and its background concentration was assumed to be
zero. The followmg relation was used for the transport of gas phase DNAPL at the ground
surface.

Ejlu.t (g) — = tu{cg(l) Cg(”) } (12)
where, Enuxg = DNAPL gas flux at the ground surface (kg/m>-sec.), Cy1y and Cg(a) are gas
phase concentrations in the top soil layer and lower atmosphere respectwely (kg/m’) and p is
a coefficient for which a value of 3.03 x 10 (m/sec.) was assumed in this simulation.

The soil domain was divided into twenty-five uneven horizontal meshes and the mesh
thickness increased towards the depth. The meshes were taken to be homogenous and
incompressible. The top of the water table was fixed at 1.62-m from the ground surface.
Initially, a uniform concentration of 1.10 and 0.40 kg/m® DNAPL in aqueous and gas phases
respectively contaminated the top 0.11-m soil. Two cases of initial moisture content were
taken into account. The first case consisted of completely unsaturated condition above the
water table. The moisture content varied linearly from the top to its saturation value at the
lower boundary. The second case considered a rainfall condition, which was represented by
saturated liquid water content for the top S-cm soil. Below this depth, the moisture
distribution- profile was the same as in the no rainfall condition. The total heat and liquid
water fluxes at the lower boundary were equated to zero. Similarly, the convective fluxes of
aqueous and gas phase DNAPL were equated to zero at this level.

Initial and boundary
conditions

]

~ | Input of measured
71 meteorological data

4.2 Computation Process

Surface energy
balance
Next
time-step Y
A Comgutatlon for
atmospheric variables

Computation for sail
variables

Y
— Output ]

Fig. 2 Computation flow diagram in simulation

The computation procedure for the simulation is briefly outlined by the flow diagram in
figure 2. After imposing initial and boundary conditions, measured solar radiation, and air
temperature and pressure at screen height were given as input data. One-hour average of



these three parameters were obtained from a meteorological station in Hanno City, Saitama
Prefecture. For every time step, the calculation started from surface energy balance, in which
surface energy fluxes and surface temperatures were calculated. The computations for
atmospheric and soil variables followed the surface energy balance. The computation process
for a time step was repeated until a desired accuracy was obtained. The process ended when

the designated simulation period was over.
5. RESULTS AND DISCUSSIONS

This simulation was carried out for five days duration. The input data (from July 5 to 9,
1998) of solar radiation, and air temperature and pressure at a screen height were the same for
all the cases considered in this paper. Partitioning of the solar radiation into four different
surface energy fluxes (sensible heat, latent heat of vaporization, net radiation and ground
heat) was an important point in the simulation. Differences in the representative surface
radiation properties for the land-use conditions mentioned in this paper resulted to variations
in surface energy fluxes. Similarly, different soil compositions, porosity and soil hydraulic
and thermal properties led to differences in heat, moisture and contaminant migration
behaviors in unsaturated conditions in the shallow subsoil. The .simulation results are
discussed in the following sections for the four land-use cases in two different moisture
saturation conditions in terms of surface energy fluxes, soil heat and moisture budgets and
DNAPL transport behavior in the subsurface. Only the significant results are shown in figures.

5.1 Surface Energy Fluxes
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Fig. 3 Surface energy fluxes for porous pavement (no rain)  Fig. 4 Surface energy fluxes in forest (no rain)

Figure 3 and 4 respectively show surface energy fluxes for porous pavement and forest
elements in no rainfall condition. The incoming solar radiation shown in figure 5 and the
simulated energy fluxes indicated that the second simulation day was cloudy and the
remaining four days were sunny. Porous pavement and forest respectively exhibited the
highest and the lowest daytime maximum net radiation flux values. Bare soil and short grass
respectively showed the second and the third highest values. The average daytime maximum
values for bare soil, short grass and forest were respectively about 94%, 86% and 76% of the
corresponding value for porous pavement case. But, the nighttime maximum values were just
in the reverse order due to increasing emissivity coefficient. However, the order of
fluctuation between day and nighttime net radiation values was the same as that of daytime
maximum values. The daytime maximum values slightly decreased in rainfall condition



compared to the corresponding no rainfall cases. On the other hand, nighttime maximum
values increased due to increasing emissivity in wet condition. However, the effect of rainfall
seemed to decrease in the later part of the simulation.
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Fig. 5 Incoming solar radiation in the simulations  Fig. 6 Surface temperature profiles for the land elements

Porous pavement and bare soil showed bigger latent heat fluxes in daytime compared to
vegetated surface probably due to direct influence of the incoming solar radiation resulting to
increased evaporation. The average daytime maximum latent heat fluxes for bare soil, short
grass and forest respectively were about 97%, 87% and 41% of the porous pavement case. At
night, the non-vegetated surfaces exhibited very small latent heat fluxes compared to
vegetated surfaces. This could be attributed to vegetation transpiration. Between the two
vegetated surfaces, forest showed higher values compared to short grass case at night. In
terms of fluctuations in latent heat during a day, porous pavement, bare soil, short grass and
forest elements were in the decreasing order.

With respect to daytime maximum sensible heat flux, the four land elements were in the
reverse order as in the case of net radiation flux. The sensible heat flux increased for
vegetated surface due to increase in surface albedo values. These fluxes slightly decreased in
rainfall condition since albedo values in wet condition were smaller than in dry condmon
However, this effect disappeared in the later part of the simulations.

Between the two non-vegetated surfaces, bare soil showed bigger values of daytime
maximum ground heat flux. It slightly decreased in vegetated surfaces. The results indicated
that the ground heat flux decreased for increasing vegetation density. The effect of rainfall
was to increase this heat flux. However, this effect was more distinct in vegetated surfaces
than in non-vegetated one.

5.2 Soil Heat and Moisture Budgets

Figures 7 and 8 show soil temperature profiles at four different depths from the ground
surface in porous pavement and forest elements respectively for the total simulation period in
no rainfall condition. The effect of cloudy weather on the second simulation day resulted to
smaller temperature values compared to that in other days. It is first attempted here to discuss
the simulation results for soil temperature distribution in terms of surface temperature
variations. The surface temperature variations for the four land-use conditions are shown in
figure 6.

During the simulation period, the maximum surface temperature fluctuations for all the
land-use conditions remained between 17°C and 35°C. Porous pavement, bare soil, short
grass and forest elements were in decreasing order with respect to daytime maximum surface
temperature. The last three elements in this case exhibited about 96%, 95% and 93%
maximum surface temperature of the values for porous pavement case respectively.
Nighttime minimum surface temperatures were in the reverse order. For all the four



conditions, the minimum surface temperature in a day increased as simulation progressed.
The daytime maximum values seemed to decrease in rainfall .condition, but it was not
significant.
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As depicted in figures 7 and 8, the top 5-cm soil was the most affected by diurnal
fluctuations in solar radiation. However, the effect reached up to 40 to 50 cm depth during the
simulation. There were successive time lags for the same events (for example: maximum or
minimum temperatures) at different soil depths due to the time lapsed for heat transport from
one layer to the underlying layers. Even though the surface temperatures were relatively
smaller for vegetated land-use conditions in the afternoon, a close observation on these
figures indicated that vegetated subsurface exhibited relatively bigger temperature. For
example: the soil temperatures at 15-cm soil depth at the end of the five-day simulation for
forest and porous pavement were about 25°C and 24°C respectively. Similar behavior could
be observed at other depths and times. Relatively bigger initial moisture content and higher
percentage of organic matter content for the vegetated subsurface might have resulted to
bigger thermal heat capacity, ultimately giving rise to bigger subsurface temperature. This
behavior of vegetated subsurface could have significant impact on aqueous phase DNAPL
migration, which will be discussed little later. In case of rainfall condition, not any significant
changes in subsurface temperature were observed due to its short duration.

The liquid water content profiles at four different soil depths for no rainfall condition in
bare soil and forest cases are depicted in figures 9 and 10 respectively. The soil moisture
content in the topsoil sharply increased during the first simulation day for all the four cases
probably due to small initial moisture contents. This trend remained unchanged till later in
bare soil case although the rate of increase was less sharp compared to the earlier days. In
case of short grass, the diunal fluctuations dominated the continuous increasing trend from
the second simulation day. For forest element, both of these trends disappeared and the
moisture content gradually decreased till the end of the simulation from the second day.
Porous pavement case showed similar trend with short grass, but the changes in moisture
content were not smooth. They exhibited rather stepping nature. Smaller porosity value and
other soil properties could have resulted to such a behavior. Similar to soil temperature, the
effects of diurnal changes in solar radiation were reflected most significantly in soil moisture
content in the top 5-cm depth. Bare soil and forest elements respectively exhibited the
maximum and the minimum moisture fluctuations in the topsoil during a day. Short grass and
porous pavement elements showed the second and the third highest fluctuations respectively.
The results indicated that vegetation cover significantly affected the moisture distribution in



the top unsaturated zone. Decrease in moisture fluctuations were observed from bare soil to
short grass and from short grass to forest cases. As the effect of vegetation increased (forest),
the soil moisture continuously decreased in the later part of simulation most probably due to
increased vegetation transpiration.
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The moisture content profiles in these two cases (bare soil and forest) in rainfall condition
are shown in figures 11 and 12 respectively. The order of maximum moisture fluctuation in
the topsoil during a day was the same as in no rainfall condition. But the fluctuations in this
case were smaller than in no rainfall condition for all the elements. Since the top 5-cm soil
was initially saturated with liquid water in representing rainfall condition, the moisture
content in this area sharply decreased in the first 12-hrs simulation due to percolation.
However, this trend was not observed in porous pavement case and that was similar to its no
rainfall condition. As in no rainfall condition, moisture content below 15-cm depth gradually
decreased in vegetated elements. But the decrease seemed to be faster compared to no rainfall
condition in the later part of the simulation probably due to increased vegetation transpiration.
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5.3 Aqueous Phase DNAPL Migration Behavior
The top 11-cm soil was initially contaminated with aqueous and gas phase DNAPL and
the diurnal soil moisture and temperature fluctuations were significantly bigger in the top 15-



cm depth. Therefore, it would be relevant to discuss the simulation results in two stages: the
concentration distribution behaviors in the contaminated soil layer and below it.
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Fig. 13 Aqueous concentration in forest (no rain) Fig. 14 Aqueous concentration in porous pavement (no rain)

Figures 13 and 14 show aqueous phase concentration profiles in the contaminated soil
layer for forest and porous pavement elements respectively in no rainfall condition. The
concentration decreases were relatively bigger in the first 12-hrs simulation in all the cases
due to smaller initial moisture content resulting to rapid increase in this parameter during this
period. Bare soil, short grass and porous pavement showed decreasing tendency in
concentration towards the surface from the middle of the contaminated layer. But, it sharply
increased from 12-hrs onwards, which might indicate the increased evaporation from the
surface. During the simulation, the first afternoon exhibited the maximum solar radiation and
the non-vegetated elements showed relatively sharp increase in aqueous phase DNAPL
concentration, which might strengthen the idea of increased evaporation. In forest element,
this concentration increase in the topsoil layer started right from the beginning probably due
to increased transpiration compared to short grass case. The concentration profiles near the
bottom of the contaminated layer smoothly decreased to their minimum values. The aqueous
phase concentration decreases in this soil layer during the five days simulation were more
than 95% in all the cases considered.

The overall concentration decrease in the contaminated soil layer in rainfall condition was
relatively slower compared to the corresponding cases in no rainfall condition. Higher soil
moisture content in the topsoil due to rainfall might have reduced DNAPL volatilization
resulting to the slower decrease rate in aqueous phase concentration. However, the
concentration decreases just below the contaminated layer were sharp in this case unlike the
relatively smoother trend in no rainfall condition.

The aqueous phase concentration profiles in forest and porous pavement elements below
the contaminated soil layer in no rainfall condition are depicted in figures 15 and 16
respectively. As simulation progressed, the concentration fronts moved to deeper soils in all
the cases. Comparing all the four cases, the vertical migration depths of aqueous phase
DNAPL were the highest and the lowest for forest and porous pavement respectively. The
short grass and bare soil showed the second and the third highest values respectively. For
instance, let us have a look of the maximum concentration depths below the contaminated
layer at two different times of the simulation. At 96-hours, porous pavement, bare soil, short
grass and forest elements showed maximum aqueous phase concentrations at 0.21, 0.25, 0.26
and 0.37-m depths from the surface respectively. Similarly, the migration depths for the
elements in the same order at 120- hours were respectively 0.27, 0.35, 0.36 and 0.47-m. The



migration depths below the contaminated layer were less distinct among the elements in the
beginning of the simulation. Bare soil and short grass showed similar vertical migration
depths compared to other elements in spite of increase in soil porosity and initial moisture
content for the latter. This behavior could be attributed mostly to the vegetation resistance to
gas flow, which was smaller in short grass case compared to forest element.
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Fig. 15 Aqueous concentration in forest (no rain) Fig. 16 Aqueous concentration in porous pavement (no rain)

The concentration profiles below the contaminated layer for forest and porous pavement
in rainfall condition are shown in figures 17 and 18 respectively. The land elements were in
the same order in terms of vertical DNAPL migration depths as in no rainfall case. The
depths of maximum concentration at 96-hours of simulation for porous pavement, bare soil,
short grass and forest were 0.12, 0.14, 0.21 and 0.32-m respectively. These depths at the end
of the simulation were respectively 0.24, 0.28, 0.31 and 0.42 meters. This scenario indicated
that the depths of maximum concentrations at any time along the vertical soil profile in
rainfall condition were relatively smaller than in no rainfall condition. For instance, the
depths of maximum concentration at the end of the simulation in forest element in rainfall
and no rainfall conditions were respectively 0.42 and 0.47 meters. At the same time, the
maximum concentrations at any time below the contaminated layer increased in rainfall
condition than that of the corresponding cases in no rainfall condition. As for example,
porous pavement and forest in no rainfall condition showed only 50% and 65% maximum
concentrations of the corresponding rainfall cases at the end of the simulation. These results
again might strengthen the idea of reduced volatilization in topsoil in rainfall condition as
discussed in the earlier paragraph. On the other hand, the maximum depths of aqueous phase
DNAPL migration increased in rainfall condition compared to no rainfall condition. For
instance, the concentrations at 1.10-m depth for porous pavement, bare soil, short grass and
forest elements in no rainfall condition were about 33%, 60%, 69% and 72% of their
respective values in rainfall condition. The initially saturated topsoil in rainfall condition
might have played dual roles in this context. It might have reduced the interaction between
the surface and the subsurface in terms of soil temperature and moisture fluctuations, which
might have resulted to reduced DNAPL volatilization. At the same time, it provided enough
moisture for percolation resulting to deeper DNAPL migration in aqueous phase. The
downward migration process might have been enhanced further in vegetated elements due to
their bigger porosities, relatively bigger initial moisture contents and shielding effect for the
incoming solar radiation.
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5.4 Gas Phase DNAPL Migration Behavior
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Figures 19 and 20 show DNAPL gas concentration profiles for forest and porous
pavement elements respectively in no rainfall condition. The gas concentration gradually
decreased towards both the vertical directions from the bottom of the contaminated layer in
all the elements. More than 90% gas phase contaminant decreased within the first 12-hours
simulation probably due to the contaminant being present at the top of the soil domain.
Another important reason for such drastic changes in gas phase concentrations could be the
initial low moisture content and its quick redistribution in the first twelve hours period, as
was discussed in the earlier section. The maximum concentrations at 12-hrs were observed at
0.09-m depth in all elements unlike the case in aqueous phase concentration. Not any such
distinct trend in terms of gas phase concentration decrease was observed in the contaminated
layer among the land-use conditions like in aqueous phase concentration distributions.
However, the results indicated that the decreases were relatively bigger in vegetated elements.

There could be two possible ways of gas phase contaminant decrease in the contaminated
layer. The first one was to escape to the atmosphere and the second was to migrate to deeper
soils. In vegetated elements, the vegetation resistance could impose some restriction to gas
phase contaminant movement to the atmosphere compared to non-vegetated cases in addition
to their relatively bigger porosity. This might indicate that relatively higher fraction of gas



phase contaminant migrated to deeper soils in vegetated soils. On the other hand, DNAPL
volatilization might have contributed to more gas phase contaminant in the contaminated
layer of the non-vegetated elements since they exhibited bigger temperatures. This could
have resulted to the relatively smaller concentration decreases in these elements.
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The gas phase concentration profiles below the contaminated soil layer in no rainfall
condition for forest and porous pavement are depicted in figures 21 and 22 respectively.
From these figures, it is more clear that the concentration decreases were faster in vegetated
element. For instance, the maximum gas phase concentration for forest at 72-hours was about
77% of the corresponding maximum value for porous pavement. Similarly at the end of the
simulation, the maximum concentration for the former was about 70% of the latter. In terms
of vertical migration depth in gas phase, forest and porous pavement showed the maximum
and the minimum values respectively similar to the trend in aqueous phase. Short grass and
bare soil were in the second the third places even though there was no such clear distinction
between these two elements. As for example, porous pavement, bare soil, short grass and
forest elements showed the maximum gas phase concentrations at 0.34, 0.40, 0.41 and 0.49-
m soil depths respectively at the end of the simulation. Thus, the gas phase contaminant
vertical spreading was significantly bigger than in dissolved phase.

In rainfall condition, the four land-use conditions exhibited similar tendencies as were in
no rainfall condition with respect to gas phase contaminant transport. The concentration
profiles below the contaminated soil layer in rainfall condition for forest and porous
pavement are shown in figures 23 and 24 respectively. Similar with aqueous phase, the
depths of maximum DNAPL gas concentrations decreased in rainfall condition compared to
the corresponding no rainfall cases. For instance, theé depths of maximum concentration for
forest at 72-hours in no rainfall and rainfall conditions were 0.32 and 0.29 meters respectively.
Similarly, these values at the end of the simulation were 0.49 and 0.47 meters. On the other
hand, the maximum gas concentrations in rainfall condition increased. These values at 120-
hours in no rainfall condition for porous pavement, bare soil, short grass and forest were
about 47%, 58%, 64% and 66% of the corresponding values in rainfall condition. These
scenarios of gas phase concentrations might imply that the initially saturated topsoil layer
played a vital role in two ways. In one hand, it might have reduced the interaction between
atmosphere and soil resulting to smaller depths of maximum concentrations. On the other
hand, the saturated soil cap reduced the escape of gas phase contaminant into the atmosphere
resulting to the increase in the maximum concentration values in the soil domain.
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6. CONCLUSION

The simulation results indicated that the downward contaminant migration in both gas and
aqueous phases largely depended on the diurnal soil moisture and temperature characteristics.
On the other hand, the subsurface heat and moisture budgets were functions of vegetation,
and soil hydraulic, thermal and radiation properties. Vegetated lands exhibited smaller
diurnal soil moisture and temperature fluctuations compared to bare soil and compacted
pavement materials in the urban area. The soil moisture fluctuations further decreased in
rainfall condition.

The aqueous phase DNAPL concentration in the top contaminated soil layer decreased
relatively faster and migrated down to the subsoil in vegetated lands. Reduced soil-
atmosphere interaction as well as increased soil porosity and moisture content might have
enhanced downward diffusion and convection resulting to deeper migration depths of
aqueous phase DNAPL contaminant in vegetated lands. Rainfall percolation further enhanced
the downward contaminant migration in aqueous phase. The gas phase DNAPL contaminant
also showed the similar tendency. However, most of it escaped to the atmosphere from the
top contaminated layer under no rainfall condition. The gas phase contaminant migrated
relatively to deeper soils in rainfall condition. The top saturated soil layer reduced the escape
of the gas into the atmosphere in the beginning resulting to deeper migration depths. In spite
of the big losses of the gas phase contaminant into the atmosphere due to the position of the
initially contaminated soil layer, the depths of vertical spreading were significantly bigger
than in aqueous phase. -

Since these simulated results provided basic information on the redistribution and vertical
migration behaviors of DNAPL contaminants, further detail investigations including various
transport processes for gas and dissolved phase contaminant in the equations, and sensitivity
analyses on their relative importance are expected to enhance more insight in the matter.
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SYNOPSIS

Knowledge of dense non-aqueous phase liquid (DNAPL) fingering phenomena in water-
saturated porous media, which has not been investigated thoroughly, can be useful in gaining deeper
insight into the contaminant transport and remediation. Laboratory experiments on fingering behaviors
of trichloroethylene (TCE) through saturated porous media, randomly packed with uniform glass
spheres in transparent glass box, were carried out. A basic mathematical model was developed and the
experimental data on TCE fingering were interpreted based on it. The fingers grew almost linearly
with time. The effective porosity of the media n, with three kind sizes of glass sphere (d = 1, 2 and 3-
mm) were between 4.0x10? and 5.0x107 irrespective of glass sphere size, while their invasion factor £,
increased with pore size. Numerical values of k, varied from 5.0x10* to 5.0x107in this study. TCE
mobility and other fingering characteristics were evaluated by using Zhang and Smith’s mobile-
immobile-zone (MIZ) model. Findings showed that core diameter J, of the fingers were almost the
same while size of immobile zone &; increased with finger Reynolds number Re and relative intrinsic
permeability K;, which suggested that TCE with smaller mobility occupied wider pore space in the
media. Values of Re in this study were in between 4.0 and 110.0. Thus, in this study we will deal with
the difficulties of the fingering phenomenon.

INTRODUCTION

Dense non-aqueous phase liquids (DNAPLs), such as trichloroethylene (TCE) and
perchloroethylene (PCE), are among the most frequently detected contaminants in the subsurface
(Salah Jellali et al., 2001). Physical properties of DNAPLs are as follows: low viscosity, high density,
low interfacial tension with liquid water, low absorbability to soil materials and low biodegradability.
These properties make them highly mobile as well as persistent in the subsurface env1ronmcnt (Cohen
and Mercer, 1993; Pankow and Cherry, 1996).

Once released into the saturated subsurface, DNAPL migrates downwards through the pores as a
result of flow instabilities induced by viscosity and density differences between liquid water and
DNAPL. The displacing instabilities at the interface produce finger like appearance of the migrating
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DNAPL even in homogeneous saturated porous media (Held et al., 1995). This phenomenon is known
as fingering. In real site contamination, remediation techniques and their efficiency are often limited
by a lack of knowledge of DNAPL movement behavior (Salah Jellali et al., 2001). Fingering is one of
the important transport mechanisms for non-aqueous phase transport in saturated subsurface. Therefore,
it is essential to have thorough a knowledge of DNAPL fingering mechanism and its behavior for
effective remediation of the contaminated sites.

Many researchers have been involved in clarifying DNAPL fingering mechanism in saturated
porous media by both laboratory and field scale experiments. Most of the authors have pointed out the
instability at the interface of the immiscible fluids as the primary reason for fingering (Kueper et al.,
1988; Held et al., 1995; Zhang Yuyong et al., 2000; Oostrom et al., 1999). Held et al. (1988)
investigated DNAPL migration in water saturated, homogeneous porous media using three-
dimensional spill experiments. Their results showed that generation of finger pattern is sensitive to the
porous medium grain size, DNAPL properties and spill conditions. Glass et al. (2000) experimentally
demonstrated gravity-destabilized nonwetting phase invasion and existence of pulsation behind the
invasion through a saturated heterogeneous porous medium. Zhang Yuyong et al. (2000) applied an
approach based on invasion potential in pressure gradient to describe DNAPL displacement patterns
under the influence of gravity. Oostrom et al. (1999) visualized non-aqueous phase TCE fingering
through a saturated layered soil column using an intermediate-scale flow box experiment. The results
showed that the fingers were relatively thin at fiest, and their movement and shape depended on porous
media characteristics.

More specified investigations of DNAPL fingering have been conducted in the past few years.
Smith and Zhang (2001) presented a modified method to determine effective interfacial tension of PCE
penetration through a water-saturated porous medium and to predict finger wavelength (spacing). They
observed another characteristic of fingering, which is termed as “tip-growing”, in addition to tip-
splitting, coalescing, and shielding. Zhang and Smith (2001) proposed a conceptual mobile-immobile-
zone (MIZ) model to describe the structure of a DNAPL finger and velocity of finger propagation in
the porous media, and experimentally verified the modeled prediction utilizing image analyses
technique. The results showed that the fingers grow linearly with time, and that their lateral growth is
insignificant once the tip of the finger passes a point of consideration. In another experimental
investigation, Zhang and Smith (2002) concluded that use of classic equations on the basis of
multiphase flow models without considering fingering phenomenon overestimates the averaged
DNAPL content and underestimates the depth of DNAPL penetration. |

Although many research works have been conducted on DNAPL fingering to date, the fingering
mechanism has not yet been well understood and formulated. Therefore, there remains a challenge to
scientists and researchers to thoroughly understand DNAPL fingering, which would be valuable in
performing effective remediation of contaminated sites. _

This paper aims to get gain a deeper insight into the DNAPL fingering mechanism in water-
saturated porous media in two-dimensional laboratory scale experiments. The main objectives are: (a)
to visualize DNAPL fingering process, (b) to describe and analyze the fingering mechanism, and (c) to
predict finger dimension and velocity. The porous media in the experiments consisted of a two-
dimensional box packed with uniform-size glass spheres, and dyed TCE was used as a typical DNAPL.

EXPERIMENTAL SETUP AND METHOD

Experimental Setup

Figure 1 shows a photographic view of the experimental setup. The components of the setup are
®: porous medium model, @: microscope camera, @: microscope body, @: video monitor, and ®:
video recorder, as indicated in the figure. DNAPL fingering in water-saturated porous medium models
is recorded by means of a microscopic camera with high accuracy. The recorded pictures are digitized
with the microscope body. The DNAPL fingering is displayed on the video monitor, and it is
simultaneously recorded with video recorder. All the data are processed by an analyzer and a computer.
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Fig. 2 A schematic diagram of porous medium

Porous Medium Models

A schematic diagram of the porous medium models used in the experiment is presented in Fig. 2.
The models consist of a rectangular transparent glass box with 200-mm height, 100-mm width, and 6-
mm thickness. The edge of the glass box is equipped with stainless steel guides and a completely seal
for any leakage. The box is filled with uniform size glass spheres in random packing. Three kind sizes
of glass sphere are employed in the experiments, as shown in Table 1. A constant head water pipe
originates from the bottom of the box and extended up to its top, as shown in Fig. 2. A cone shaped
stainless steel vessel is placed at the top of the box for non-aqueous phase TCE supply. TCE is dyed

red with scarlet color for better visibility of finger images.

Experimental Procedure

The glass box is completely filled with water after clamping it vertical. Glass spheres are then
placed into the box carefully in random packing, avoiding air bubbles within the box. About a 5-cm
gap is maintained between the top surface of the glass spheres and water level, as shown in Fig. 2.



Table. 1 Experimental cases

glass sphere ) size of porous medium model (mm) .
diameter (d) | POTOSItY penetrating
mm (n) width | height thickness { DNAPL
1.0 0.486
2.0 0.481 90 195 6 TCE
30 0.537

A known volume of dyed TCE is filled into the conical vessel and it is, then, placed over the box
so that the tip of the vessel completely immerse into the water. The bottom valve of the conical vessel
is gradually opened to pour TCE uniformly throughout the box cross-section. The cumulative volume
of TCE poured into the box until the TCE just started to penetrate into the water-saturated pores is
recorded. The recorded TCE volume divided by cross-sectional area of the box (90mm x 6mm) give
an approximate pounding depth when TCE just started to penetrate. It is known as critical depth and
denoted with A (see Fig. 3). The TCE penetration is recorded using a video camera and video recorder
set and are simultaneously displayed in the monitor. The process is continued until the finger reaches
to the bottom of the box. The same procedure is repeated with other sets of porous media with three
kind sizes of glass sphere. As shown in Fig. 6, the actual length of a finger £, and its vertical projection
¢ are measured from digitized pictures recorded in the experiments. The slopes of the lines obtained by
plotting actual finger length and its vertical projection with time are taken as actual finger velocity w,
and vertical finger velocity w, respectively.

" EXPERIMENTAL RESULTS

Transient TCE fingering at various points through a water-saturated porous medium model with
1-mm glass sphere size is presented as an example in Fig. 3. The critical pounding depth A, in this
case is 2.1 cm, while the vertical distance traveled by the finger at 63 seconds is about 12.0 cm. The
fingers for 2-mm and 3-mm glass sphere sizes are shown in Fig. 4 (a) and (b). The critical pounding
depths A, for 2mm is 1.8 cm, while the vertical distance £ (t = 41sec) covered by fingers is about 14
cm. For 3mm glass sphere size, &y is 1.1cm and & (t = 17sec) is about 12cm. Our experiment for
regularly packed porous media with same sized glass beads revealed that A, ranged from 0.lcm to
0.42cm (Ueno, 2003). The finger patterns in all the three cases are almost similar. Although more than
one finger appeared in the beginning of the experiments, only one finger reached the bottom of the box
in each case. The other branched fingers were not as distinct and significant compared to the stem
finger. Contrary to our observations, more than one finger appeared simultaneously and continued up
to the bottom, as was observed by Zhang and Smith (2001, 2002). This difference in finger numbers
can be attributed to wider lateral dimensions of the porous model itself in their experiment. Zhang and
Smith used a wider transparent glass box in dimension (0.5Hx0.6Wx0.01D-m) than that of in our
experiment (sees Fig. 2). Another important difference between these two studies is the finger
propagation velocity. Finger travel time in Zhang and Smith is somewhat longer (4 to 10minutes in
travel time) mainly due to smaller glass bead diameter (mean particle diameter varied between 0.32
and 1.36mm).

Experimental correlations between vertical finger length £ and elapsed time ¢ for the three cases
are shown in Fig. 5. The vertical distance traversed by the fingers is almost linear for each porous
medium type. The slopes of the fitted lines based on two runs data in those correlations represent
average vertical velocities of the fingers. Progressive velocities corresponding to 1-mm, 2-mm and 3-
mm glass sphere sizes are 0.19, 0.37, and 0.59 cm/s, respectively. As predicted, the average vertical
finger velocity increased with the pore size. Thus, these observations disclosed functional relationships
among average velocity of the fingers and pore space in the porous media.
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RESULTS AND DISCUSSION

Formulation for DNAPL Finger Length

A conceptual schematic diagram of TCE fingering through a water-saturated box, as mentioned
previously is shown in Fig. 6. The winding path is assumed to consist of small path elements, and let
us consider an infinitesimal element d{, of the finger propagating to downwards with intrinsic velocity
w,. Then, the vertical component of the finger velocity is given by w = w, sin8,. Similarly, £ = £, sin#,
represents the vertical finger length, where £ the actual finger length at the time considered. TCE, in
such a case, moves along a tortuous path through the pores with deviation angel 8, and the finger
diameter J; on many travel path elements is considered to be constant throughout its length (Zhang and
Smith, 2001).

By applying Darcy’s law for an infinitesimal finger element d{ within a small time interval At
vertical finger velocity w can be expressed by the following equation:

we bk, EC_%LQ_) ~ )

where, k: invasion permeability (Darcy’s) of DNAPL, k,: invasion factor related to density difference
between DNAPL and pore water, and irregularity of finger, k,.: DNAPL pounding depth at the top of
the box, and £,: capillary pressure head of water and DNAPL at the point of consideration in the finger.
By applying one-dimensional mass balance for the infinitesimal DNAPL finger along vertical (Fig. 6),
we get, dsin8,x1xn, = wsin8;xdt for unit cross sectional area of finger. The vertical component of the
finger propagation velocity is given by rearranging the mass balance equation as:

dg
=1 - 2
w=n, o ()

where, n,: effective porosity occupied by DNAPL.
By combining equations (1) and (2), we can obtain a basic equation for DNAPL finger elongation as:

%E:%:&ng_ -
t

Integration of equation (3) gives the following:

T P
! E+h, +&, _fne

The constant of integration is evaluated with the condition £ = 0 for ¢ = 0 as,

CC + hOC

C= —(Cc +h, )éog

Then, the final equation for finger length is give by,

(8 +h)

5 + (é"c + hoc )} ) nﬂ (4)

&+(¢. +hoc)€og{
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Table. 2 Parameter values used in calculations

Fig. 6 A conceptual diagram of TCE fingering through a water-saturated porous medium

properties of porous medium ) )
'glass sphere permeability TCEdpondmg i)frfs:;:ve lrng:;n
diameter coefficient epth P ¥
d (mm) k (cm/s) h,. (cm) n, k,
6.1 0.04 0.001~0.002
1.0 ‘ 21 0,05 .001~0.002
0.04
234 1.8 -
20 0.05 0.0005 ~0.001
3.0 93.2 11 0.04 200
0.05 0.0002 ~0.0003

Porous Medium Characteristics and DNAPL Fingering

Equation (4) expresses a functional relationship between finger length and elapsed time. But, the
calculation of {(¢) is not possible unless the values of £, and some parameters k, k, and 7, are known.
For example, values of permeability k, effective porosity n,, and invasion factor k,, and capillary
pressure head £, are required for evaluating the relationship. In this study, suitable values of these
coefficients are estimated for the cases with three kind sizes of glass sphere (4 = 1, 2 and 3-mm).
Darcy’s permeability of the porous media k is determined by using Kozeny-Carman’s empirical
equation as:

k =djgn3/180v(1—n2) (5)

where, d,; mean particle size, n: porosity of the medium, v: kinematic viscosity of the fluid, and g:
gravitational acceleration. Other coefficients are determined by comparing theoretical correlations with
experimental ones. The values of the coefficients employed in the calculations are shown in Table 2.
The correlations of vertical finger length and fingering path lengths § with elapsed time tin a
water-saturated porous medium model consisting of 1-mm diameter glass spheres and using equation
(4) are presented in Figs. 7. The experimental results are denoted with circles on theoretical £ - ¢
curves in different n, and k, values. TCE finger velocity (d/dt) increased with decreasing effective
porosity, in general, for the same value of invasion factor, as seen in Fig. 7. The velocity increased
with invasion factor k, also, as observed in the figure. The experimental results show
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Table. 3 Inversely identified values of #, and k,

finger length glass sphere diameter (d)
along

parameters
1.0 mm 2.0 mm 3.0 mm

effective porosity(i,) vertical 0.04~0.05 ) 0.04~005) 0.04~0.05

invasion factor (k) vertical 0.001 0.0005 0.0002 ~ 0.0003

bundle of pore
immobile zone J; (sheath)

mobile zone §,(core)

equivalent cross section
of pore tube
(2) loose packing (b) dense packing

Fig. 8 Unit rhombohedron formed by passing planes through
the centers of eight contiguous spheres

that effective porosity n, varied from 0.04 to 0.05, and invasion factor &, was 0.001 in the case of
vertical finger length (see Fig. 7). Similar correlations of finger lengths with time are calculated and
compared with the experimental data for two other glass sphere sizes (d = 2 and 3-mm) in the porous
media. The theoretical correlations of finger length ¢ and with elapsed time ¢ are distinct for capillary
pressure values & from 0 to 9cm. However, the unique value of capillary pressure head £, was not
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determined, as can be seen in Figs. 7. The estimated values of effective porosity and invasion factor
for the three experimental cases are summarized in Table 3.

There are two extreme packing structures of an ideal porous medium composed of spherical glass
spheres. They are loose and dense packing, as shown in Fig. 8 (a), (b) (Slichter, 1899). In random
packing of spheres, the bulk (or geometrical) porosity n of the medium varies between 0.112 and 0.215.
In general, an effective porosity n, value is smaller than the corresponding bulk porosity. The effective
porosity in the experiments discussed in the present study ranged from 0.04 to 0.05 for the three kind
of glass sphere (d = 1, 2 and 3-mm). A TCE finger penetrating through a water-saturated porous
medium is conceptualized as a tube with constant diameter 6 (Zhang and Smith, 2001). The cross-
sectional area of the tube is expected to be the same as that of the pore through which the finger passes
in loosely and densely packed porous medium models. Then, the tube diameters in dense and loose
packing cases are given by & = {(2x3"%-7)d/2}"* and 6 = {(4-7)d/x}'” on a closed cut face, respectively
(see Fig. 9). The values of & in the present experiments with 1, 2 and 3-mm glass sphere sizes are
varied from 0.127 to 0.165, 0.180 to 0.234 and 0.220 to 0.287 mm, respectively. Similarly, the
diameter ratios of the TCE finger 6, (= /3, J.: finger core diameter, d;: finger diameter, see Fig. 9),
which will be discussed in the next section corresponding to the three kinds of glass sphere are 4, =
0.40, 0.30, and 0.20. It was observed that the finger core diameter &, had almost the same values for
three kinds of glass media if the equivalent diameter of pore tube as a bundle of pore tubes would be

assumed to be equal to those of Zhang and Smith’s J..

Mobile-Immobile-Zone (MIZ) Model

Zhang Z. F. and Smith J. E. (2001) proposed a mobile-immobile-zone (MIZ) model to describe
DNAPL finger structure and motion in water-saturated porous media. A finger is conceptualized as
two circular coaxial tubes. The space between the tubes represents the DNAPL immobile zone or
sheath, and the mobile zone or core with tube shaped cross section. However, there is no distinction
between these two regions at the tip of the finger since all the DNAPL is mobile. The schematic
diagram of a finger and the notations used in the MIZ model are shown in Fig. 9. A detailed
explanation of the model is available in Zhang and Smith (2001).

They proposed a mathematical equation to express vertical finger velocity based on the MIZ
model as:

2

W=(5") KK"’[g(pd—pw)+(¢ “hop) e , Py > Py, (6)

T ) Oiuy &



Table. 4 Parameter values used in MIZ model

porous medium model TCE water DNAPL relative
glass sphere|  intrinsic densit o donsi content mtrms'uf
diameter | permeabilit ensity | viscosity | density | by volume | permeability
dm | K@y | P H p.  |within finger| of DNAPL
m
(kg/m®) | (Pasec) | (kg/m3) 6, K,
0.001 2.405 X100 0.386
0.002 9203X 109 | 14680 | 5.66B-04{ 10000 | ¢3g1 | *4~ 06
0.003 3.626 X 1008 0.437

where, 8, = 8/, diameter ratio of the mobile core to that of the whole finger; K: intrinsic permeability
of DNAPL,; K ;: relative intrinsic permeability of the DNAPL; = finger tortuosity 6,: volumetric
DNAPL content in the finger; u,: dynamic viscosity of DNAPL; o, and p,: densities of DNAPL and
water, respectively; ¢, and ¢,: hydraulic potentials at points P, and P,, respectively, in Fig. 9; p.
capillary pressure across DNAPL-water interface at the finger tip; & hydraulic potential difference
between the points P, and P,; &,: actual finger length and £: vertical finger length. Point P, indicates a
point at the top of a finger, point P,, a tip point of finger, point P,, outside of P,, and point P,, a point
on boundary. '

They defined finger tortuosity 7 as the ratio of actual finger length £, to vertical projection § or
actual finger velocity w, to its vertical component w. The term &/, is very small and it further
decreases with increasing finger length. Similarly, the effect of pounded DNAPL and finger induced
flow approach to zero with increasing finger length. Therefore, they neglected the term (¢- ¢,-p.)/E; in
equation (6). They finally obtained an expression for evaluating relative finger diameter size J, as:

12

T P> P
* Md w

o =
&% 12 (0, - 5,)

4

()

Identification of Relative Finger Diameter and DNAPL Mobility

The relative diameter of the mobile core of TCE fingers in the present experiments was evaluated
using equation (7). The parameter values adopted in the calculations are shown in Table 4. The
intrinsic permeability values for the three porous media in this study were obtained from Kozeny-
Carman’s empirical equation. TCE content 6, was calculated using the relation: 8, = n-6,,, where n:
measured porosity of the medium (refer to Table 1) and 8, residual water in the pores after TCE
invasion. Zhang and Smith (2001) determined the value of 6, as 0.1 from moisture characteristic
curve for PCE invasion through water-saturated media with glass sphere size varying from 0.32
tol.4mm. We used the same value in this study since the porous media characteristics were almost
similar to those observed by Zhang and Smith. The relative intrinsic permeability value for TCE was
identified to be between 0.4 and 0.5, which was also adopted from Zhang and Smith (2001). The
averaged values of the relative core diameters were identified as 0.40, 0.30 and 0.20 for porous media
with 1, 2 and 3-mm glass sphere sizes, respectively, in our study.

DNAPL finger Reynolds number Re is defined as dw/v, here, where 4: glass sphere diameter
employed in the porous media, w: vertical component of finger velocity and v,: kinematic viscosity of
DNAPL. The finger Reynolds number is a ratio of inertial and viscous forces closely related to
fingering. Thus, bigger Re value signifies increased flow instabilities and faster DNAPL movement. A
correlation between &, and Re for TCE fingers for relative permeability value of K, = 0.5 is presented



in Fig. 10. This finding provides evidence that the diameter ratio decreased with increasing Reynolds

number. Also, the finger Reynolds number increased with pore size of the porous media. Higher values
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Fig. 10 Relationship between finger Reynolds number (Re) and diameter ratio (J,)
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Fig. 11 Relationship between relative intrinsic permeability
of TCE (K, and finger diameter ratio (J,)

of Reynolds number means bigger pore size and vertical finger velocity. Thus, it appears that the
diameter of the mobile core within a DNAPL finger decreases with increasing pore size and finger
velocity. Conversely, a big fraction of DNAPL is mobile within a finger for smaller pore size and
vertical finger velocity. However, as aforementioned, the core diameter §, remained almost unchanged
in all the experiments. Therefore, this clearly suggests that the variation in finger diameter ratio 6, = 6,
/& is greatly affected by immobile diameter &; (sheath) rather than the pore size and finger Reynolds
number. The immobile zone thickness & increased with increasing finger velocity. An experimental
correlation between d, and Re in this study is expressed as:

b,=a (Re )_b 8)

where, the constant “a” and exponent “b” have 0.582 and 0.201 values, respectively. The relative
diameter of the mobile core 6, and finger Reynolds number in this case varied from 0.44 to 0.23, and



from 4.0 to 110.0, respectively. It says that the DNAPL core size §,can not be determined if the pore
size & and effective porosity occupied by DNAPL n, are estimated.

‘Referring to K, in Table 4, correlations between relative finger diameter 6, and relative intrinsic
permeability K,,, using Eq. (7) proposed by Zhang and Smith, for the three kmd sizes of glass sphere
are shown in Fig. 11. The diameter ratio gradually decreased with increasing relative intrinsic
permeability. The tendency of the relationship seemed similar to the three kinds of glass sphere. A
clear difference among them is the decrease of diameter ratio with increasing pore size. Thus, a
comparison of these three cases in Fig. 11 also reveals that the overall finger diameter increased with
pore size. Therefore, it is apparent that size of the immobile zone &; increased with finger Reynolds
number Re and relative intrinsic permeability K, which may suggest longer DNAPL persistence in the
saturated pore space.

CONCLUSION

TCE fingering through water-saturated porous medium models, which were prepared with
randomly packed uniform size glass spheres in a transparent glass box, was visualized in laboratory
scale experiments. Once fingering was initiated, TCE fingers grew almost linearly with time, which
was similar to the observations made by Zhang and Smith (2001 and 2002). A basic mathematical
model relating finger length and properties of porous medium and TCE under constant pounding
boundary condition was developed. TCE fingering characteristics were interpreted by using the
experimental data and the basic equation. The values of effective porosity n, varied from 4.0x107to
5.0x10?irrespective of the glass sphere size in the porous media. However, invasion factor &, increased
with increasing pore size in the media, and the values were between 2.0x10*and 1.0x10”.

TCE mobility and other fingering characteristics through the water-saturated porous media were
examined by means of the MIZ model proposed by Zhang and Smith (2001). The relative core
diameters of the fingers J, for three kind sizes of glass sphere ranged between 0.20 and 0.40. The
results showed that mobile core diameters §, of the fingers were almost the same while size of
immobile zone 4 increased with finger Reynolds number and relative intrinsic permeability. These
findings suggested that less mobile TCE (within sheath) occupied wider pore space in the porous
media. The finger Reynolds number in our experimental study covered between 4.0 and 110.0. The
results obtained from this study will be useful in prov1dmg a new approach to deal with the fingering
phenomenon.
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ESTIMATION OF EVAPOTRANSPIRATION RATE AND DRAINAGE WATER
QUALITY FROM VEGETATION ON ROOFTOP BASED ON METEOLOROGICAL AND
HYDROLOGICAL OBSERVATION

Yasuhide TAKANO, T. Goji ETOH, Kohsei TAKEHARA and Teruyuki FUKUHARA

To estimate evapotaranspiration rate and drainage water quality from vagetation on rooftop, meteorological and
hydrological observation on rooftop planting has been carried out at Kinki University since 2001. The
evapotranspiration from the grass surface was measured by the column buried in the grass-coverd area. It was found
that the average evapotranspiration rate form grass-cover area on rooftop is 4.4mm to 6.2mm. Chemical analysis of
dranage water from rooftop planting showed that the concentration of NO,-N and NOs-N is 7 to 10 times of the most
strict water quality standard of lakes in Japan, and the concentration of PO,-P is 800 to 1400 times of that.
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(Kim and Chryskopoulos™), ¥J—33 LUK —2 Bz i}
2 YA IRERORET (Mayer and Miller™), FERFIHFICE
i} KA LR OlRE (Bgusaand Jino™) 72 &, &8, &
FERATRIREIC 2 RTT, 3 RTTOBFH B OEIE T HIF
ERROOLNTWA, Fiz, AKEMEYE D DERARIED
15U E OBENE T & ISR SREOERL L ¥
ETRFEORRBERIIN YY), BEE, fmE, Hid
DHFHEEEDBRRIZ b &3 ST T L DERL
DEUE STV B [ERIENY).

Bz 3817 2 FRIREOBATH L LTIE, Adenean
and Patzek 212 L 28EDHT, LNAPL THERE iz
BRIZBI AERKEANZ L AR ORERT, Bito#
BDOERREAAREETRTE & Ia1v—%) BED
IZfEbh i Z EAVRENTWA.

B EAOBEE L TH B RBEDIED AF—IIT
OWTEBT 5L, 1 RALEMISESEAKEL,
BUREEESETIY, 7Y a— T —a
— M COREIRBISRZ 5. —F, BB Rt
HRERA A VT « T U7 VREL B,
B RS, B 3RTTARNT 2 & ~DB FIZA
HThD@heg o al ). JTHE, TVD (Total Variation
Diminishing) X % (Cox and Nishikawa *; {25, KE 7] *)
PEREL L RELDOORV b, HEOREARE
K& & B9 Implicit {k(Yee* ) HE SN TV B2,
RERCH T AKFRART ~ OB R I OB R S5,

Pinder and Abriola i3, 8, ERAREMERIC X DE4E%
BHRABROERLZITY, HE2KRITHICBITS
DNAPL DVARETRIRRERT 5 —F T, HOHDER
Iix T4 H) 7] 3BRENTELT, Z0OB

7% DNAPL BfTO_LTHRODTRERPELEX T2,

HERH - FRAFEAPSLETHE I L 2RI MOIERL
TWA,

AFETHERE L TWA T F LT+ — T ETMIILD
FiEL, BRESERCARERED L) RETFRICE
RN KA NE L RMICHEATE D, £
BUES OS2 WO RlE LD, SILEHE

FPOBRERIREIC A S C & /z(LaBolle et al*®). EiAT
I¥, KB — BRI % R DB BT B D
3 WRTTHERRE~DE F(Tompsan and Gehar ®), E—#8
TRIRE G & A — I B MU B E OB EEIZ 5%
B BB OFRNT (Tompson ©), B EHE DR L0t
TARTEOFEFHEIZ S &3 RE—h> AR KB
BT BT o F LY +—7 FIEOYLIRLaBolle e al. )
E O H 5. _

LasL72a56, DNAPL FUROERAAEYE & DNAPL
BEGHRITIER LT, ZOBITRMCS V4 by 3—
7 FREEER U geflidiav .

Liziio T, TEROHMFRBIIRD LI ICBRTE 5.
OBFRER DRSO ITEREFIRESY:, ARER
e EOBEMEIZ & 0 SiERNCAELS HIEIE, BRI
7> 5 BRI E O B OIS YRR AR U TR 5
L TCEPRFETHY FOFTELE. LhLRRs,
DT DL IL, T8, BEOBITHETHY, S5
BHE MBI N U CERARERE T2 8D TiRk-oT
Fliz i, GERAERERTBE TS, 74V
HY ¥ TR OTERE, BRI 2 E R L7z DNAPL
BATIRATE T /U372 <, DNAPL IR OILRER, 22
BRI ST 781F DANPL OAmERese, ki
% £ DNAPL 7—/VORSRGERE % & D= B THRT S
IHEE A ERLNR. (v)FETE DNAPL 5D OB
DIEROEEGR & BRI T 0 f#hT L= BHI L D7
V. V) EFITIEERESEERERDBR S BERAX— L
BUETHY, IHE TVD AX—LMBEH S TWE 2,
DNAPL BITRITIZ O B =filiddblan., M7 ¥ A
74— 12 & 5 DNAPL IR T~ D@ AfliT 20 .

—7J5, DNAPL B{TREATIZRD BB DIX, BHihois
QBRI T BT A RMITFRIZIT O 120z, v/ nXxay
v 7 TN BB L OB GRITEISROR S A7
=), BFREORE, HEDHE, FHIZXN) 2/FHL,
RRHT, 7 nRavy 1800, BTFUTDRY
— VOB ThHD DNAPL IKHDOBERE, EHicbiz
BHIEHIR L 72 B781F DNAPL DR, oA, ERGERED
LR ET L TH S,

BROBRIOBIEAR F— 0L, FEREB oL
ZFORRF Z & OEHEIC DOV T B RER AT EY
RHD LD EARRARERSHD. LB ->T, &TFL
TFTORr—NOBG % KELFBRATRET DT, O
R — VDB R EIE Kk S DA D DET
JEBRPBEL R B,

U EOBFEOMEL o —2BE 2 T, A0S
BHROZRITE L DEND.

) I7nRavyikBRTHS DNAPL KED2EE)
WCT U F AT F— T EERNT, RIEO%EE L 5
ERDB.
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#h

ks bom oo

@ tnr AR 5

(i) DNAPL iR DOZEMIRDOET /MEEBLT,
JuRavylbvs/nRat’y I RBEROET
MEEER S, &7z DNAPL JFils 5 OB
fETE & XA R AIAR, TEIROBHT S
FHRALEEEES.

(i) v7uRatys RESThHDEMBUEOEES
WOBFERICSKALESE AV, E6ILLE
k& EREEE LT, Semidmplict TVDILZ1T 5.

INLDERICELAEYTOD, FuFLATIF—T ik

% b &2, DNAPL JFUROZEh % EHILMT 2 %R T

OEENE LTERL, BFNZERBPUHR SEE+5

WEEET/MMELT, SEE TVD Z9 AF—LIZLd

DNAPL AR OB B R LA EhERE, FLn

DNAPL BATARNTET NV — 2508 T 5 LT 4 — 7 I

(coupled Finite Difference-Random Walk Method : FD-RWM)#%

RETD. MXTIOETNEZER L TRHIEO A

FERE G LI, TR AR L TREOR M2 REE

THZEETS.

2. HKRBIZH11+5 DNAPLBITETIL

ETMMEFICYTZY, £7°, HKET DNAPL OFEAK
RI7eEEE S L2 B L, — SRR SR OB
DD, ENERT L F AT+ —7 1 FDRWM) 12
VEERRIRIR, WEROBRIBEHRSE Y ERILT 3. T,
FERIZ LD DNAPL BFEEEDOXE/ T A—F XL,
JRif& DNAPL ORI OEE % E7 /ML LT, ZER
PR R SN 2188 2 KT BRFRORGREHHEYL
T 5. BRIATRIBOTER S E0iECHEdL L,
A S 2EoHEFIEL RS,

(1) &KIBIZ# 1+ 5 DNAPL OTEERAE & HEEEIL
HAKBEH D DNAPL |2 2WWT, &R - 8RR
(miscible/immiscible), &) - B mobile/immobile) D 2 5
C DNAPL DEAGIME & FEFEEZ DT 5. DNAPL
% miscbleimmiscible 372> B, HARRMERIC DT,
immiscible D5 % & 512, mobile/immobile T4T 5 &,
#ARBIZET 5 DNAPL 0487 LTI,

- . ey
niiscible I

B-1 #KkEod DNAPL DFEERE & 825k,

B-1DL5cRES.

Z ZTiY, miscble #5457 % &7 DNAPL, immiscible 0>
mobile #47% Bk DNAPL, immobile 345 % 22N
DNAPL (717 DNAPL) L FES, HirR(Zi2:i% L7 DNAPL
X, RE#MT/KELT, —EDES R : [RRABAES
LIz L D FEKREHIZBAT B728, DNAPL 7—/L &
TN BB 2T 5. ZOF— B ENHE—E
HEBLDLB—5DWIIEROT 4 2 A —HHTF A
IZIRALESD P 203 S I EDZPICiE &
h, BRI O > TEHT 2T ABYRE 25,
[ SIARR R4 DD DNAPL & 2> TSI L i
it -+ 5ET .

Q) DNAPLEREETILEEHXIE

miscible, immisciblemobile, immiscible-immobile @ 3 -2
DB ENETNRGERZINLTSE. TROLER
DNAPL O¥fiis#at, ik DNAPL OiEEILREE T
iz X AR, 7377 DNAPL INETh 5. DNAPL &
{TORHEE LT, DNAPL DHE—mEoExtEE L, 24
BRI —TH Y, ZRRe 1Z—ETHD LIRET .
HTFAKE _EO DNAPL 7— A bOEHEEELT, &
REETNOMER LT HEEE, MTAKEIHAEKE
BETORKEELETS.
(@) %8, HAfRiEEOIEIAEN

—iIZ, R PITIR A L7 DNAPL 537%
BERFmREE L 22 o CIRfET 2B E KRBT 5 T FEK
I3, AR, AR ZEE L CRkOES, FoE,
MEZRDD 2HOFESFERL, TEICEET2IRE
IR WEEEFRATRINS. ZoRXHRIL, o 24
& LT 2 0B EMES RREe=a) L, SHAMERQ=1)
ERL, KON)B)TELLNED,

NOFIHMEZRUE, B LUSSE LEEARVEEA,

oy, 08 I
) a2 _V.[k, (V =ta
B P8 =t [k, (Vy, +2)] P 6))

LELZENTED. ZIT, QIIRREEREM, AT
TEFEHERMLTY, plIFBEMLY), gl XESINEEELTY,
Yo FXESZRERL],  kf=pugKKoudhto) 1 ERBREXLT"), K 1%
EEIEEEL], Ko (SRR, o i TREEARE




[ML'T'], z PSR LM BAT<T ML, L AR HOR
MLTYe R~ d. BEOEMEITERcCELEL, &
TR OEREREE R RE L, REPRNET B,
H—mgs OWmBEwE%EFERZ, BRRS ORE
CIMLJE FIWTIRD & 5 1ok 5.
C

a(ec)w V(6,C,)- V-(eana-vca)=[1—_aJ1,, @

T I, Vol TEERRIBROE, DIInET vV VERT
FEREL, BRECL>TROLIICEES. C,
IIRIROTHTRE, K, (SWESERRET 2R, &
fLEIEE LTHS,
I, =6,K..c:~c)l=-1, )

M, Rk, F—RlC X AR OESERF
LEEFFAICH &<, IhamIciE, Blic, £E
EF1KEE, RHEESHER, BMEEEROBGRSVET
H0, —MITERC LS EERREV LN,

b) EDERS & L+ —9 E5OFEHTER

RO EHBET NVOERILTIY, EETIHRED
A —MIIE LT, DNAPL FUROB BRI % ko &
SIZHBEEE E OO TRIER 2O, sy
—RIZ b &IT, BHO NI FHE (SRS DOIHHE)
PROTEHRSOEERTFEZ—E L TQRTERTER
“: 2)22)21)24),5)75§&J E)

AR TLE, BRHBIEOREBROSEHLZICER LT
BEOELERAT S, X617, JRIK DNAPL 2%
ST E DR L T ARIRIC L 0 BEIL, TOERITE
8 DNAPL OB B E B b3 D48 FEIRE &t T
FNINENERET B,

PloZ &b, ORXEEBL, QOikE, HEEE
HEAROWEIRERE b &1, Bk DNAPL, ik DNAPL,
P%1F DNAPL OIRFFRAHERKT 5.

$NE 2 RITBITI T DE R DNAPL, B L OVRK
DNAPL O#yElins BRI, ROL D ITRKES.

A, a{(w %+00 ‘EJ QuC}

a &
4a
A 6,0, — X *+6,D,,—= X -0.W,C, 2
& & &
+ Additional term, =0
Additional_term ;= ADS, — ELU, ~SOL,, (b

Additional_term = ENT,, - DET,,
¥72, FRIF DNAPL OISGE, RO L S ICRED.

6(9 )+ SOL ., — ENT ,, + DET ,, =0
o1 )

soL ., =0,[K..(c:-c,]

TIT, AT a, n e\ XFNFIIEM, ERAMRMER,

FE7E DNAPL 375 L, C, C, CIIIBEE, 0, 6, 6.13%
NENOEEEHFRTH 5. HITAKOFIISIT—HKE
WEREST B, ADS,, ELU,, SOly iz TN ENEIK

DNAPL O thiT & OREBE, FRilhH OBERERT.
ENT,,, DET,\THEiERT Otte, WA EFRT.
LMo, Bfiiay ba—nARY =—2h AV FDOE

YIREEC 1L, ROLIICRT LN TES.
£=0,+0,+0,; C—,=C,,9,,+C;¢9,,+C69L, ©
WEEERRE KX, RO L D 72 Miller et al V35 KX
Imhoffet al iz & 2 E2A(TaH(Te) e iV 5.
Sh = 425 Re ™ §7% (7a)
Sh =3406,"" Re*" (x/d )" (Th)
K,=8h-D,/d,’ )

ZZTCxd,= 180, Sh (=K, d/Dy) {HEET v —D v I
, Re (=, pody i) 1EVA VALK, IS FLEAEYY
FIRL), D i EBRFCET B0 TR T TCH 5.

D, D, ZKE, SREFRDOSERET /e LT,
{4y % ISR (Bear and Vemuiit ). uh, wi 13T AGRD
KFE, SHEFOE, o), w), (2RI DNAPL IRRRLF DRI
BHHE LRI Th 5.

D, = (ij)= “aT|Va|5y +(ay 2 23 5D ®

if“~m

! al
T IT, Oy O IR TFHA, SETHMOEBELL V.
Uy IZERITHR S TH Y, vm v 07 Wa o 07 U 07
W, LT 5. GIEI B Ry A—DTNE, TiIEHETHS.
P ED@HRE S Lz, FHEOWEESRE ML
L, EFNVEEETS.

(3) S=ERI= & 5 DNAPL #iEDERIE

S/ Raby I REAND, T4 H) 71X
DNAPL BITIZBIT 2 EBERBER THD. EFEH LTI,
DNAPL OBEFRIZIERL, 74 H Y v OEMHR
A ENNT, ZOXNOEFENEETEDIZIEEE
BICEOBGEL 72 9. =B L AR OME IR~ 5.
FETFEIY, DNAPL FURAHIAIZRE L, Wl is
P ORI, HABOZERPICHR - MBI TE
452 80539, Kb OSEE 58OBES(Yao et al.?;

Rogers and Logan™; Tufenkji et al. ®) (2 # U CiE=YL L 7=
E-2 (@) D & 5 B AMEET TN, Bira

Fe— R Y 2 —h Y7 9 DL DNAPL E%EEC,
7%7F DNAPL E# KRS HETRT. DNAPL RiFE
Oz, wOEZEF(0) 2, FEfF DNAPL BEOEZEZ(11)
RITTRT. HDHR 2 IZBITABRERD, TOROBREC
HA 3 &S BRI S & -3<. 22Tk DNAPL 0
Bt & BB OISR A & —/V i D DNAPL IRRIERER
HEWTINA,
ace, p 26, ace,
a a e U

Hop - W=Wy; W, =k-k,)(
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R

b) R rr7a—EFN

(@) ZiEET IV
B2 742 HYrTnET L

(@) 20sec () 40sec. (c) 60sec.

06,
ot
T IT, Ofxd, O4c) 1TRIRS L UFRAF DNAPL (575
BERTL np=6,+6,), Clxt) i3 DNAPLIREE, p, I3
DNAPL B, w I3SAEIRSE (7 4 A Y v 7)) HELT,
D 3558k, WA F N —EELTY, kX DNAPL &
B, kp 1 IMIESREL, & IHEAEARIERIL], ho 1SFRBSHZ
ABEE[L], &1% DNAPL EEESRYKEEL]L np 3B
IRERZERETH D, kpldk DNAPL &K & DEEZE, £
EES, 74 AV IR E ST RERETH Y,
nphd HBngp N7 4 2 T —WiEfEE RS, (11)XND/F A
— & K IEFEEZTNTALOTHY, ZITE, %
ZERRPNHIRERIRET"], A% A= ETEFE L C, ZERRPR
WREL MR L 29 5.

TEH THEMNRVES, 9), ()RXTC=0,LT5¢
WD LR, z2=2T C'=CyDEREM% 5 2 Tfig
< EWMEMELNS.

wi€ s icr=0 (12)
dz

C'(z)=Cyexp(—k/w-z) (13)

TAVHA) T EEMELT, EAMTR—ETV

TRHETH(E-20) 28). BALRARICK L TiREE
B LAGFE (RERD ofidELvy. ZI7T,

=K'C9" (]1)

Py

F=-1 ZAPHEETNVOREL 74 U H ) 2V FEBRGER

EBR— R Cla Clb (@) C3

d, %)  10° (m) 1.0 1.0 20 30

LxHxB 10%m) | 140x90x06 (ClbDZ 10.0x9.0x0.6)
& (ZfRsR) 0315 0.385 0425
B (i) 2522 81002 | 114e2
B RS ) 25709 82769 | 116e8
TCE 2% (m/s) * 6.50e2 2.09%1 | 2931

Zﬁéﬁ' (;)2 (;Z) 0205 | 0310 | o72 | 103
T4 TR To(sed) 704 329 19.8 14.0
K (sec’) 00123 00222 | 00516 | 00728

A (m?) 593 720 6.58 7.10

*TCE B p, 1 147x10° (g, FEPERRER u, :5.7x107(Pars)

(d) 80sec.
B-3 TCE 7 4 v H—Y 732 —> ($iF% Imm, [=140mm)

r=a+bvRe/K
0.1 o
el fit [
0.01 == a Claf=
o Cib i
=1302,5-3265R=089 P2
PTTETTI A i i iidi | i ommmepmmen |
1000 1500 2000 2500 3000 3500 4000

VRe/K
B4 ZERRPPRSRER RS « & VReK

EEREEZREL (&L, 74 H—05ENTH
S BE LI RR OIREESAR), APz (13)= A3k Y
MoETHE, FHELEFENE20) 0L IcRS
na.

Bz IR 5 T ER%OBEFEII(1XN G5,

T 06,
J; P Tdt =xTon,pCoexp(—x/w- z) (14

L7=23>7T, DNAPL OfiiA, FiHEZE O, O.M]
SHBEESEICBITIEEES 40 0000 E L,
A=H'B, ALngp Co= On & L=wTy DEERZ AV UL, 40
L kliTRD L O IFES.

L G 06,
80=4- [ [ pu 5t didz=0,l1-expirc/w-L)] - (19)

“W¥ioo G
K= I lo; Qm,] (16)

—75, K (TTGRIE d, ZERRE o FREL y N2 AWT
17D L D ICEZEESND DD, 13, BfEEFO
AT F A (AA1- 6V, JO T, BT T OWTET i (ncd, 74)
ERUINT A—F 3(ley2d, &, KF~Df15E, BEx
FHEEn BLOVEE w L OO TEENS.

oz, KrEd, L ZERES L OBR d,=cs VD &,
ZERREE T M b & S IRBRE DT (=0"pgB32u,
K=ldpg)? 935, kKIFRO(TRD & 512 5. Gidc



JRi% DNAPL iﬁﬁ%ﬁ%ﬁ[@rﬁ#ﬂéhf
DNAPL 7=k DNAPL/E

e TKE

4

FEIKELE
(@ =7/

L,

BT

() EERES LK)

2 BEEHEDLLEEEZRLES

(B)  ZEHEPUCHE S BRESETICETE)
() ZHHET & TERRI S, ZEBPaER

B-5 RRRT- DT 5 byt —0 LENET

72 EOZERICIRICEE b 51458k, 11X DNAPL OFEMEGREL,

VITEBREIERIILTY, KIZEARERECHS.

_3(1-¢)
= 2d, wij (17a)
R
k=P B, =%(l—€)n§p (a7b)

EBRCELNEZETr—ADT 4 H Y o THE w, 7%
THE T &, (160 /b k& LDEEFR TR
T ADBPRKEWVIEEERFERRED. L OETHRD E, #it
R X LA 10om D7 —ACl)Z iR, KEROEIMT
L VERKEXL Y, 1,2 3mm D7y —AZ2ONWT, i
FN 1=593,658,7.10m™) &\ S EMIE ST

Kk OFHEER BAT-012, WReK & DOBREZR-4 0
TITRY. ERDD, a+byReK & LT Re it 4 b
110 OFEFAT, o=13x10% 5=32x10°, +EPBEFR%L R=0.89 &
WY FRERBEDN TS,

BEEOEN(LEERTHELNZ 1D[EICH L OF,
ZERERPHIER DNAPL DT /U LT .

@) &% DNAPL D5 V5 L9+ —0 ETIL

JFk DNAPL iBHIF- DT 5 LT —7 EFT )V EH
L LA T VOBRRK #EK-5, B-6 127~7. BE-5(@)
i% DNAPL BATIC b A2 FHOERK TH Y, B-Hh)IC
ZERRPNHIER DNAPL & 7 2% L7 4+ —2 3 DR,
VAR DNAPL OZLHET & OBEREZ R LTZ.

E-6(@) 2R T & 21, TR IS FARICE L
FREE TSN BB L, B X Y EAEF I
i 5. AE - SNESEEIL, ERARERELT, £
DIEERZEN DB & R OIS 2 B b,

182 ORI ntl Rl DAL Z EREEIC L VR 2.

HmE LCERE (&) ORZRLIFFEEOHNT 218
EL, REDUMEECEHSE, ENEEAD=X1
\Z L BRI R BOEBPHEHTE .

fafn kP ~H BRI 2 BRI F ORKERED, w, %
B ERILMEHRE, 4,207, v ZEERE, Re$i% Re
=w,dp &L, FIFERICH &I REUTSLT, w,=

2op)dY18u (Re<1; Stokes D), w,=0.233((p0)/up &))" d
(1<Re<100;Allen D) LEKED. ZIT, p p 3K
CRITDEE, gl IE/NGEE, piMERTHS.

F7z, SFEHEP MY 5 DNAPL IRHLFIZI,
B, TRINEDL, BEmOMRIC KD, e, X3, B
fil, TEE/NC L DGR Y, fRx RIEHFUIMERT 2
(Giri et al. ). ZhITFOEETFEIC S &-3< TEBEREE DO
TEfR¥y % AV CHRE LR 2 IE L, IRERYIE
MEBR LI, y ZHERK, ¢ ZZERRVLLT, w,=
y =€" (230<m <46) Maudeetal ) LFHED. ZIT
13, MHIEFRE y & LTERTOMAETERH 550K
/IME (y=0.0148, m=4.6)%& A Liz.

2O LCEDIZENREEEE S &I, TV FAUF
— 2 EFNAOERIL DD LiedoT, $NE 2 KITHD
GROBERILZIT O . Bt X 2 Bk D 7
VLY =T BT NVOEREAEND, xz ¥ ET X0,
XA E BIFE, BIOKROKEAT v A BT HRF
DILE, AX, 1) ZALBEZEDDT bV, BX, ) &
XNWZBUT DRIFDIEA Y 2R R =D T T I,
REZFEHEHIOS MLE LT, RO X IZERED.

X, (1 + A1)~ X, (1) = AX . DA +B(X,.)-RVAL  (18)

ZIZT, R=(r,r) &L, n,niXFH0, HE1D2
HEPSIRTERE L 45, SREAT v 7 ORRRhF
DOAEIL, A & B BEEIUL, IR VkdBHZ &
NTE3., AL B, ROXTERINS.

A= v,,+V~D,,+1—D,,-Vg; B-B"=2D, (19

&

ZIT, vl wh), SHERET YD, & 2B .
i, BRI L TS, A=y, 23RV LD, @R
B, D,OFNE, HHE o o & LTRRERZES
A —NVDEHEZED, ROLIITRED.

42 2 2 2
1

L
anxzanL7+anT# +Dm; Dnzz =anT'_,'+anI,'L+Dm
ol i el
anz » Dnzx = (anL —anT)L" dvnl = 1'/11 +14{, = ql)

q



X" BRICk 5558
a“rp 5
N@© ;)

N(©,s,)

NS ol
(@ S>5LOF—OFEFIL
B-6 IRRRIFDT v F LT G — 0 LIRS T L

B ORI D, &AL L= DIz LY, B=V2D, L&
T, ROEDITRES.

& &% D,OEAMETIE, ZiudnEfersr Y
NOXEHEEF L, KE, SNEFTEE R L7 8iR

¥ERBRERD, QKLY

E =a, Ju,> +w.? +D,
o Qla)
52:anT 11',2+W:,2+Dm
V2 0
B' = él (21b)
0 2&,

LIehioT, %, z HHEOBIFLEI, (18T B D%
PVIZBERAWT, X, =X 1+ A1), X' =X[1) LENT,
X, =X, (dx,,dz,) + (g, dzy)
(dx,,dz,) = (u,At,w.Af)
(dxy,dz,) = (0,1, 0,7;)
o, =J2EAL, o, =25,
r. =N, r,=N(0,])

ZIT, X, X IAHERERIT- O ntl, n RERIONIE,
iy do VIRBURIC K DTEENEERE, do & iIHEUCEDH
EREECHS. (F-6() BHR)

7233, B DNAPL SRS 8d 28 2 r—v
i, HTFAEOREKIEARICEET S E CEEELT
U, BRI DR & L CIRfRT AR A —r e
ARTENZ &b, BEIPOBRIEZ R0 E L,
@, ORXTRT LB, HEMRERDSIBE~OBIT
135517 DNAPL 0> IO DH L 5.

(02

(5) Z2EMAHIEE DNAPL DET/LE

ZEFRPUTHHIE - TR S5 DNAPL i OE T /UL,
AR TR T AT ET NV OFE & 2 B D TH
D, ROEDHHEE 2D, () KK DNAPL ORERIFE
EDBE) - RO 2 SO H D, T bERF
B2, TOAOBREZLGT S EWIEENG, EAE
M3 2 IR OESN ) b AR S - DNAPL OREE

h —
ho —-:-ZZ_;T_ DNAPL ZF—JL

I \E’Fé‘i*fﬁ’- i

J+1 | qin
j 1@

EOET (__;Ll

qbollanr
L /f/}gw 77 W/W
S

EEETD (BORE) . () $hEFMDH HET (8)
i B8, R O—EE B E ORIz
SN, MFRAFITERZBUCTFEOETSETT 4
LU —T ERETD (TATY) L) | (RS
TER INBIOBEHSUT L5 DNAPL ntE &,
BTFORIA 7 —N L 0IEDHN/HEVFHRR DNAPL &
WA & #EA L, HR DNAPL HE A& FHE &
LTI DNAPL BB RIC B EE5 (& ay
A7 LESORER) .

TR~ L D 1Z, ERRPNCER S vz DNAPL B
B3, (12, (REAWTEES. ZhonXEd Lig,
ZERPIHTRERE 2 % FAV TR DNAPL O—ERASZEfRIC
IR SR NIRRT 28182 ED, HEEZRDES.
E-60) D h, hit DNAPL 77— & & (RFBAEX)
T, h=hD L%, #HTFKPIIRATS.

Gm Gu %, TNENHDENETOLTOERE S
RG> CTHAIREICHA, M 2iEEEEL L, AV
PRRFERCIGT 5 3y br—R Y a—L &,

(1)RL A= 235, WD E D IZFRES.
quul —Gin =—ﬂ.gi'-'-— 34)
AV Az AV
o = 1-Az-2) in
Tou = ( q )
qenlmpped = qin - qaul =Az- /’{’ ) qin

HDIBFIZIMAT Dl L ORLTEEL In & THIL,
—TERHEE IR IR S5 R T ORE B, k
& Z ORT- O TFHEH, LIt 2 kO & LT,
ROE 2D, T212L, ZEBRNIER DNAPL OFFESE
BHR 6,1%, FHEEE Omax B2 HDE L, BX
TABAITIY, IR T OB - ZE Sh T
FIcBET 2L 0L LTWA, Gmax OEIE, HXERE
FIFNE R S,=15%& LT, 015¢ & Liz 9D,

ENT,, = Z Az-4-q,,
(24a)

_[ENTNEdz
2 T <p, . =015¢

8, = AV e max

&Py



i, REAEM EO DNAPL 7—U, T8 L0
A= I LV BELRFPEEL TEREND Z M
B, k 2ZOBRTRTEE LRI ORI E LT,
BRI OVTROKXTRD LB,

ENT,, pool = 9bottom = Z Qout,
k,

ZERRNFIIR DNAPL DU %R ()X D, ENT,H
&, BENRBTFICRIT I DNAPL ~DEES R T
SOL., "8, ZEMPNFIH DNAPL B ORI LIRS BRI}
BB, BB, ERRITOBE (RERH» OBERE~D
1T) %77 DET, X, ZIZTix0L33.

(240

(6) it DNAPL B 5 R OBRL

VAW DNAPL Bt iBall, SHEOMT2E
KL, BAREDTE Mo KBRSy iR
BHTETMET D, PBEEEORSIE, @RMNDRD
Lok EA.

Dyo=y+D,; D=apl+D,; D, ,=D,=0 (25)

FRICROND X OIC, #/KEH DNAPL OFAE TN
Y, F& UTEIR DNAPL OEAEEE 58Iz XY
EEY, BROSE MBI OB NSNE LT,
R OSAERS TR L w,=0 & B\ .

KOBERILIE, FTEIDREEN 3RA—F D 3 YRKEER
EESR—LE L LT, TVD BEAWTERE TR
ERfREE Ule, SOICHEMREBEDSRND Semi-
Implicit (L 24TV %, #fd B3 ATTFIOE RS &l
L. BRBHEHERITIORE D &2, KD 1KTO
By & 5 icEMeT 5.

1 RIEOBRABEIL, v 2 BisEs LT, C=00,
vC=viCiax, G=DICa? LB\ T, GHvC=G &} 5.
ZDLE, BIEEY F=vC, (=M/Ax LB\ THEERILL,
B AE n, ZREAE j LT TREE, &
HO&EFNT, 0<O<1 L LT,

crtvog (Fra, - Fril,)-oaGm!
=C}-(1- @)g(ﬁjnn/z - ﬁ;—l/Z)"' (1-e)aG”
EEFA T, O=1D¢ & Implicit, @=12DL X
Semidmplict, @ =0 & & Explicit & 725. 7, BHiH
P HESIL U BB, ACu =CurG L LT,
fj:tllz = (Fjil + Fj)/ 2+ ﬁjtl/z(AC)
EFRED.
TVD HiIFREEEAT O BIETRR O—ETU L,
a 1
Fi,A0)= __2‘ Y 512|AC j1s2
$ 3l BWLIAC oy (4 P AC ] 280

€2

- :l"vj_wz [(1 = BY(r},312)AC 3 + L+ I} 2)AC 110 ]

¢(r) =minmod(, bryp - 1),

minmod(x, y) = sign)max{0, min{, signx)y}] (280)
P12 =8Cj3/2/ BCi12 Taj2=0C; 112/ AC;112 (280
vE= i)/, v v =v vt —vT =] (289

EFHED. Cril—T  HE=v)E LTRYMBKY I

L& TVD BESRMENHI-ENE Y. 3KRALEST

Semi-Implicit DA, =173, O=12, byy=4 Th3.
1<b,, <B-P/I1-p); (1-O)Cep <1 29
BIAL LT Semidmplict BO—IIT, C™ ZEHSR

T, B L sC=C™-C"DIR%ERD HRBAFR)

ELT, QOREAVTRD L D IcRE 5.
46Cp+40C;,+46C;+4,6C, 1 +46C),
=—( (}?ﬁvz - f'}n—l/z)"‘ NG

ZORIL, N 28T, FILN L LT, EIX 1T
5 DMk 0 R ER> NN OEEXMAITS, HLH N
DEBARY b &b, TN T 6C R, RO
B0 C™ OENEE S, 3WELZES% Semi-Implicit
TVDAL L7zt A THIDRG Y, RONTRENS.

1 = £6Q (‘ V/_+1/2¢(";_+3/2)) \

OAtD
-
;@

+ 2
6

30)

4, =

v, -3

V02

+ 2v;+1/z¢("/11/2) + V5,020 302)

- 2V;+1/2¢(’,:1/2 MV a8 )}

R

v

jH| 3|v/—llz|

+ 3V;+1/z¢("j-+1/z) - v;+1/2¢(";+—1/2)
- 3V;+1/z¢(rj++1/z) + V28 a)
+ 2v;-1/z¢(’j-1/z) - 2v/_—1/z¢("j+-uz)}
OAD
Ax?

_Eg@_ B0+ 3pan]

>{3l)

4

+ V;+1/z¢("tuz) - 2V;-1/z¢ ("j_-l/z)
- v;—1/2¢("j+-3/z) + 2v;-1/z¢(’j+-1/z)}
% (V;-m¢("f—3/1))
BRUEZES AR —AIMAT, SR0E, BAOEZRE

Bk U CIIRIDE RS 2R, WA Z LI THI0R
ERDBZLICLY, FRBRESHETE D,

4=

N ESERS V& Lo+ —0 ZOMEAFIR

FD-RWM DFHEFEOBREZE-T (T, FifEs
$HELML LT, DNAPL A DNE & KT DR
AEEREEmE LT3, REEfEr & OEREr 217

85—



DNAPL 7—/L
[ BEFBE | c=c [| B e =0
A )& Av4 = . / ,
[R% DNAPL B S 2 S Lo+ —9 X - u' =0.1m/ day 1 5C0
b) BAGHEGEHTRRNNE G, =0| Zi:} (Initial Condition3 o
v Ay WEN—T e B B s S S
ZOFAPSHR DNAPL DEBETE oo
O HIHRER ESETOER 2 B8 ARG & B Rt
: X , -2 DNAPL(TCE) Df5ii
7% DNAPL BRSBED
?)‘Eﬁmmsg@%%; HN Pn(BEEE) 14KIC ) | D (G FHERED) | 80x10% (ms)
ROAT I~ I GRS | 510 (Pars) | C(BFTIRESD) 127x10° (mg/L)
M SEBN—T |e)5§Z§, REBRESHOHS I £-3 B —2
r—2 | 4 A *FDM : BisyBeinsssy
: A-l 18 H | DNAPL 7—/in b OYEHIC & 5 RS FDM*
B-1 EIo—¥A4T7 S5 A A2 48 | EERT v F LU A — I FDRWM)

B4 FEONERT L H A g — I Ot

¢ (ZEBR) , d, (KR x10%(m) 04,004 | 0, GRIBKIR: 7 %4 7) x10%(m) 001, 002,0.04,0.05, 006,008, 0.1
p . Oty O 90,30 y LREEEOFIESRED 00148

PRRGE Box10"(m) Oty Gy 90,30 A (ZERRP TR (m™) 5.62

o (ZERAEEIHGE) (m/day) 01 &7 (Ax, A2) x10° (m), #5758 6.3.(M,49

BE1E, B-60) ORFBAEIN h> b L2 DHBEIT,
DGR TERETID h 2BATIEHELR
ASES.

BHEIL, BIRDNAPLE S BEIC OV TR ERFHEIA
I At DV IR LI KV EIET 3. BOTF v F L0 +—
7 L QDRI TFEBRBERIIIPHEO/NE WV At, TR Y R
LT At FHEIRNOTGRRLTF OB 2B 5. FOREE
b LIT At Z LIS B ORT- MRS O
B%4R®, BIKDNAPL~DRMRBLEEL, BioR
KiCEReT 5. HEORFERIAIIR-FHERE & BHtEEs
LB —F RERGEDOEES.

3. EMERT T Lo+ —0 EOEFRERHE

(1) BT & T &

HEAEORTHIESL > T, RERET NV FD-
RWM) OEAMZRRAEL BT 272012, BEEOFERE
R DR L CEERRER OB B RIRAARYT L
7z Mayer and Miller ® D 2 BT F V& —Fl & L CHEE - 1R
LT, RTRE LFT T — A2 R2~F4 |, ffbT
HEIEEZE-8 17 Y. $AE 2 RITBTRBW TR #
TABESEDHEBEEZHEL TS, EQERT LY
#—2 % FDRWM T, BROBXOEL#REY FDM
TET.

JA# DNAPL 1%, IREEZ 6, & LT g, =001~
0L1xI0M)D 7 EEAEE X, FORFERESEENE
— RSB TRETS. T —A Al 13, DNAPL 7/—
b ORHERERSGE L LTREDRE (5 Ay

F—7) PRV OBIRBEIROWRETHD. r—
X A2 1%, FDRWM OFERTHY, 2RETAVED
EERTHOT, ANEGEE—TI2W0SRK, BiK
BEE S AR AR & Ll 3 5.

EMEHm 2 kTR O il ATERORE
I% DNAPL FUROBENE%Z D, DNAPL OfIFEET
2K, THEZZRESEIH/EMEON TS,

Mayer and Miller {3E5RERE, 1 KELLZESED L
IZ FEM THBEB(L L, FFUKEFEREERG, = 0.166), ke
TOIREE C, 2R TICBREL, RikftfELENB X
VKGR DB D RIROBEE RO, E£72(7a),
(TOTR L= WEsnd R L v skt 2 52 C,
—ERFHH100 BENERNOD T Z v 7 R EEET L
F D% DOEHR ORUTRER 5.

QFFEKIZ &k HEENRFOEB L REREST

EH9 (@) 2 2/ ETVORRE 18 BH)%E, Bb) -6
I~ FD-RWM D#EREZR Uz, SEs IR s
ERET, v =A T4 7 I3FRTF DNAPL (KSR RE
METTRT. B0 IIATTNANDOESROKI L HIER
BRSO DDER THD. DNAPL 77— /L& R4t
¢ LT, FREENRVGEED 18 BHEORERERD,
5 LIEBO A 3 — L0 LIRRRE T VDRSPS TR
L.

©) X FDRWMIZ &3 4 B OFERTHS. DNAPL
DESLREIT & b 72> TR X 5 ZEBRPIFR. DNAPL
O5FE (5R4E) BB O6h, ThaRERE LTRSS
BENBERIN—LOBEBHBBREINTVWS. @@,




=

o
Fel

(@) 2MIRET NVOFER
(MayerandMiller® [ & 1)

‘ log y (6,)
©) BETTNORE N

ilog1o(Co /Cq)

-7 -5 -3 -1

=
Q0 7

o) 7J<EJ:0> DNAPL7°——/1/75 r‘oa)(“tﬂ otéf“ TREESAR

(d) FEmobileyhiT-DRHRE () F/E(immobile)ki - &
(LB (7296 Bl %) (LE(72-96 FRFHIT%)

B9 ZEDET U F LY+ — VIR L DIEIRIE G, 777 DNAPL (KSR 03 JOVRRHRLT OBB & ALE D57

©IEE#%ED 24 HEICBRTBLIVUEE LTLRR
DNAPL HIFDEMALE LB CThH D, & DRE 22KIF
IR T 53, ERRNICHE SN TEEEZR L
THTHE - BIROEBEZITHZ L, 6,D/NSIRRF
SRR, KEBERKRE VI 2 REN TN,

2HBET/MZ X BfEbTHES (B @) 1%, JRi#K DNAPL
BATTEE & RBEfE ORIz X Uk, —ERF
RA412 = DR AT LT3, 135% L7= DNAPL i3k
EfHECEELTRY, Bl F) O Thikkt
BV, WROADFEADEIZERY, wKE
IR ANRTE LRI K O 0T B —ATH DR,
25% DNAPL 73¥:FRicHE23 Y, Zhang and Smith '® 23§
L LD BERE S EVFHh S NS EmRH B Z &
DD,

4. DHFIE~OERMKE & £ OfREt

EHDITT TS, ZEBRAFIEREREL A & HF oK% /<
5 A —4& & LI=71F DNAPL BEOSARIZOWT, ATk
(FD-RWM)IZ L % FltgstoisRe®E Lz P 2T
I%, DNAPI(TCE) {Z X 2 FAKIEEDOERIZ S &-DF,
FD-RWM OB 31T B Atk & B RET 5.

M ERFER L MEITRERZRE LT, HAKEPICR
A L7- DNAPL BE#{E L, BFELIGREHE, S80
A —VE2EE LEAAEZRT. RO
TCE/BYLEiE, RSz do7- 0 AKEFHE DMk <
15 Qe BER MR STV D (R 2 Hipt Y ; B
¥, FED; TREEN?).

() R DHESFE & FRDOME
(a) BEOME

Bt SNz kB L, 19834 12 A, ABTOKEHF 3 4+
D55 2 4 B bEEK DA E E HUEE (5) (WHO
EHE)0BmgL Bz M) ZonoxF L opgHEh
7z, 1984 4 1 A~3 AlZfTheAKEREIZ LY, —i%
FRERHF 287 » D 5 5 128 4 B F AN EKE
HEEZBZ TCHD I ERHALMNEIoTz, (BYYRITRIET
RNOTHTH Y, FHINOR TEE 2>5 TCE FIRN R
BLizLBEShE. THEMEOIEREEZ b L, M
4t 7~8m, FFE 9m, VRS Tm (210725 T Imgkg LA LDVE
Y1844 1005m’ HEHIRE L, & SICIEYYRMEICE
KFFERE L THARTOEZBRLE L. BAEiTs
FELGPTH Y, BIRTITT T OB TR
fE (TCE:0.03mg/L LLF) 287z SAL TV D.

HUE & H AR OFTERREIC BT 2 RS R e /DT E
L. E-10@) ¢ fﬁﬂﬂ%@lﬁ‘% = O 1= iﬁzﬁm
EFNDRESFEREIT—A, %)%, EE)iZ
EHEERE, KPP oO) bOIZHREHIEH Lf:;*;iﬁu.ﬁ
OALEZTT. P, TCEREDHEZppbT, ZEkR
ZmgLTRRL TS,

b) K DFEBNEE

IR IIRA AR Al AR D, EARMENRRLS, H
TAKROBHILME THDH. HTFAMITZIEERNZIC, E
& AEFNTNS0mMA, Iv/d TS, NEKEE
100m I EDOERSEFFD, HRET 25m iz bEEEK
BadH0, ZoBLEIEBHTKEEL NS, HIFIZ
BALKETCEIL, EBEYZBHAoETsLLblT, X



5 MR LU T RO B *[FEIENE (it ™)

B RAE HUT KRB
H BT RACE E OSSR S O A b I - HT/KE GL-35~7.0(m)
R &, R EANTHEE s A i BRI k=09x10%(ms)
B2y WREAE (FFAL5E) 00034 BN HTFAKE GL40~60(m)
HIEEE 00115 €2-7i20) TG k=00086 x10%(m/s)
BREE | FBE S lhTcHEGEOSES HO T KA 2100, 4F 100 @5
PIEEERR, | AOREL, BRI S0-80%, RDSY 3040% T 7k 250 ; 271 (/d)
ZofER 2R (035, BRHFRE 015 HOKIBTR & * L B RE | GL25(m), £=0.003 x10%(m's)
RBFIS9E 1 A~3 A 291 N
D~ ) (\ 54 ﬂ_ GL
£+
) A ; 20 1 wamcy
3 0 12 Ea
570 EGELY
4 4,6 ) / 500 30 WH
® 1'4‘80- 3 o0 -
650 : 52| pwrimey
® \‘s L1500 BARFLE)
137, 77
@ 2000 IMSFIRLY
n t b
Wl e erid 2530 %
'\‘\\ '|a3:3 ::ogg;g BREELY
\\\\ 34jie0o § 250,00 L 3000 101m) L%
‘.‘ AUBH x 0,00 ] .
6800 T0oom R
(a) TCE 385370 U1k Phepiit VR L 9) ) i 2D ET M S BRER F-3) (0) SAECHIARRERR ™

BE-10 ERHMSERE & R

FT6 EDERET VT LU — T - ENIRITICH L-3< DNAPL S BOEZ

FER HhSR QL - RENE
G FD-RWM | Mgr X fiFREREL
Qx| FDRWM | MexfiS4Rdk = Ay- ﬂ' 8,(t4)C, (1, )dxdz
On DM | Az- J"Tj'oa[x,,,,(c; - C,)dsat
Qn | FDM | 8z [ 6.(7)C. (T

FDRWM : ZE058IRT & LU A — 2715, FDOM : BB 0=
Mg : BARIFOSFER, M : PR FOSETEE

R BARTEEICR U TRERAR L BFROBEICHERT 5.
Ay : AR, Az KBRS, S: 5045, 1 BARORR
T+ SyERRs (5 IR RN E S 5 F TORTD)

DIRBIZGHILHE L, HTKMOEEHEIIC L H2VE
B FRICE VST D EELLGNTNS.

2 BAR LEBEEEEDRNFIE
@ BARLEBEEDER

B OB R L BRI A Db, R TCE O/HkEs
FIRAERO ZGEETH Y, B-10 OREEI RS
PR, FIRASHE T KARICESR L CKED b—E DT
SZOWTHBIOB SN ER LR AN S.

BHCIX, Zo%k, BRIEORE, BAlGE, #T
AAGANBBLEOBEIER D & B, (5RRIISE S

T, 194FEI-3A ORIERERICL ES%, o
BAICEBITATCEDR AR L BFROIEELZRL 5.
DNAPLOTRIREQ, #WHAKBHT~DRARQ, {IHiEF
BQr, BREQN SHEQEZOHITT. INLHORE
IEIOBETH D, Q> Q> Q> Q> QuDBIfRAS
»5.
O RHAFIEE I 2 L—3VETI

88—



| [ mwE ] [ woeE ] | _:’?%‘:E’?;ﬁ |
|, 7K5§/DNAPL1§1'T‘ET)W)
" ﬁ“’rzﬂ")d‘wﬂiﬁi
S 51-%%#0) AH fmmmmmm e '
%ﬁL&'JJ@A"):J-—’JHE I —— — D i : :
(FD-RWM)G)%ﬁ [oaii 2SS A—ADRE S i ; B3R E
® L xﬁmﬁ-r»u:émﬁml ﬁ: F—4 :
l (i) [ FDRWMIzk B8 (N)] i_______________i
FDR‘;’M DEEHIED. @[ sE@ smEoWE O)
BEERAL G| EAL B EREOD
Lo - TUEFIART
. iz ____________
| HEHEORE - 1R | FHE

E-11 558 T o # L  4 — 27 FOBMERIC & 218 A% L URTE DNAPL BOBETFIR
=1 1@#’7—2 &ﬁ@rﬁ%tt

A B ETV | Em ,%%(m) : ! L FDMDSE
SR Ridds SRR AT iﬁ() , u,,Lq,T(m) f‘lj.?,n 1/ (m/day) ST T
F4 L,B 10,1~500,50
100,100 [----2-7=72=2"-
P S ' 7Y: ') Bl 0
P2 || 0 [snw| ] . | A
F3 FDM 0010 | T | ] G 10
F4 05| 2525 | | | 04 |
F5 25
N-l O, Oar A .60 | kIR
N2 AR 100,10 : 1.0 RS 02 2
$hiE 2D L.D S Az P FRER | 02 | ,x10% (m)
N3 | 10 o e [ N A1 00s| oosom
N4 FD-RWM *1 Uy U e 5.0,2 25 160 %9‘ 04 (m-l) 02 0.04,0.05, 0.06,
NS5 x10°(m) 25 008 01
] o | 5T
------ LB | Auhy *3
D3 | 104 FDM 35251225 | 2525 100,10 5B | 04 | BOFEC | 10 | | 00035
D4 _| g | HEIRETZ| T ’ 25 s -
D5 10 02 0.0007

BIRET U(ToTOR), *1:C=1270melL), *2: C,=2.2mglL), *3: 6, 7477 DNAPL (ARl 2 AR, e (ZERRER) =035, d, CEHIRIR) =004 x10% ()

i_s D er QR, QDs’ %fmﬁ‘%@%ﬁ?bi, &@iﬂlﬁ
TITH. B-11 C2FWRETEE L BRAR, RFRD

BRAFEE Ial—a BT ALLOBRERLE.

() BHOELRENS, FE2RLEETNVEDL &I
RS BEE OSSR b Y OB THEIL,
SERBERET S, & biotdmiosd o
TAFEDOEE LR L, FEEROBE - 58y
2R 5.

REROEERE, $AE 2RTOFEMRETF TH
L, FEEET/IVEDRWMIZ L D HEKBE~DR

(i)

AR & RPN RTET 5 DNAPL BEORMEREZ KD S.

JREE L SEEEAD DNAPL OEfEE Qn WHE
Qu B4 5. FE2RTET MIBHFET NV

(iii)

HAIAL., FBFE Qu LIAREEOBEEZ R 5.

(iv) il 2 RTTET /v ESATE 2 IRt FDRWM ORREHE
Bk, HFAKEN—EDE I #EBE LIZEE
> DNAPL DR AR Q, HiFE QREHEET 5.

@) st —R LS

R-T IR — A2 iR Uiz, RITEECHTE
F tg, 0 BFE LIERERIC S &3 — R &R

WE 2 RIT OB TR OBEBLIC b, Semi-
Implicit TVD %\ vz, RITRLUIE M, Ax, ZEBRYEEIT
Wk, Fr—ALb TVD BEFRMINMIZENT
WA,

BE-12(a) (- FEE 2 RITEF M X BIEROEG I




(B30 (@) (Z6tisd % 0.03mg/L £ TOIBREEIR) DfEHT
fEi %, B-13(@) 2 FDRWM 2 X A 0E 2 IRITDi5 S
FREOMEIT N A R~ T. BEHERIL, HTFREIRE Ax, Ay
% 100, 50, 25m D 3FEL L, BEBRIHEIIZL VR
BOBSEHERTTY. BIRIEEIERL Y bkE <R
D, BEHIROFEGPI G X0 IR TR E RS
LT, #HEDREND.

ST Ax, Az &H Im OFEIEFZ L D 0E 1T
vy, FDRWMIZ L D EFROST & DNAPL {5415
DOEIEBE %KD D,

FPEFE (F r—2R) TiL, 100m &7 CRAEFR
Ex CGl0 & LTRHEZITY, SRR RIEL T,
RAPUZIT DG T IIRE L B EAEICET 5% T
DOHEBIEEZHETSH. 50m BLU 25m OBTFIZOW
THRERICEHET 3. HTFKGEL, AR S -6
EAFDOT—ZHBLNRZD, Pk, BIOTES
DogEtae b LT, BIREDD WA OZEBRIEHE
d = m/d ZFHEE LT, FEREKEARRERE L.
& HIZ, 25m BT OWTHOES 04, 25m/d (ZERE L,
TN 40%, 250% & ZHb Lizia D5y B ~D§
FRRE L.

Wiz, AR (N 7—2R) ([ZoWTHREHT 5. B
HERHEDN S, EHFOMTKEIIHIRE T 3.5~75m,
THFPKEIHERR T 40~60m OFRFATHY, HT
BXE 100m TSR FED iz
O, EEROFEGE L LTHT A 100m, S5
FEFFHTKE DD 50m OFEEHE Lz,

Fir, TUF LY — I BT D 2R A ST
TAENRTA=F X, 740 H) o TERICH ES<A
(60 m' : ZOfEIE, HFEEL TRESHERIND
BEAITHYT3), 50m BOSEKIZhi Y 5T 558,
50m DEFHLIHTHBEO 3BV EREL. T
F I - — 0 DRI % M, = 360sec, TBIROBHDE
ELROBEAAE A, = 21600sec & L, 10 AR
EREATD . IRMRIT OB, J,=0015~0.1(x10"m)
DTREE L, —HEEET X 0 FHHEERO RS 190 <
X <210 m)DALEND, 2AMFPT &I 1 D-AT S, &
BHARS R OB ARITHREIT 12008, #9 025g LBUNTH
A5, FDRWM TILiEEMhiFOMETFHIRn & L

TBVKIFHHROENREDOENTRETHS.

FHEZ, D (Dissolve) 7 — A& LT, 25m HFOYH
2 WITET /T Imhoff et al. POIARRIE((Tb),(7c)2) % #0.H
A, FEATFRET-0D DNAPL ZREEEETE S, %2 /37 A—4
I, BIFE, WRELHSHEOBRERET L. A2
BEE C 3 25m BT O TR Co=222mglL & L,
RAJR (DNAPL 25EfRT DT) CTRABELZRD X
INIRFRET VAERRE Lz,

5. BihERBTEREER

() F£@E 2 R ETIUZ L 485

B2 ) 2 BRORIEHIT o TcfER e 7Y, $Fm
SRR, HEFRMOIEIE 110 THDBZ LRI TN
5. B0 (R LizOn bOQOFERHEAINE Y T — D
EFFL B b, FEIZEY ZhaBERT
BIBEST L R Rz, [H7h> 5 FANEOM KR
DERINDDIE, FBEAS 100, 10 H DL 200,
20m OB EIEDFETHD Z LoD,

WICHEFRIEE 50, 25m 1ML Lo 22 E-
12(d), @59, EEHET 25m OB (6) DFEEMND, &
BT EEAS 100, 10m L [EES/Z. 100m #+TC 2
1%, 50, 25m T T 25 EHOT L EDEEEER
B3, FERMEIIZIE—8T 5. BAERERE GG =10
Y EICEAEN SRAEROKR T ERELEET D &,
100, 50, 25m DZFNENDHFET, CG=101, 132, 22
mg/lL 725 Z Dotk

25m BT DA, FRROBIC L 5 580 & IREIK
B~DFE%, U=04m/d (F4,65E%%), 1=25m/d (F5,1,
15 %) ORER & LTEOIRT. o =25m/d T, L
FEROBRE Ny 77T NBE C,=0 DR LV 3
R TR T—EDBRERTHRRLND LOD, BiftHEE
&Sy EREFEI ORI xS U CIREE R HR A S S2RHE & 12
—E 5 2 EARITRENRS.

DI EMD, FBE LT-HITKIGEIZ 40%0>5 250%
OFFA04 < d <25\ TEIERH->ThH, HABENE
Bt GBFOEEE & o BEEfOR I2BW\T, BHERIED
DHBERIND ZEB705.

F-3 & — 2 OS2 B0 (b) | ZER MM S E &
SR U, SHESRITARILS 1.0, 05, 0.1, 0.03
mg/ll Thd. FEAHETIE, T 27km FHEIZEIREL
SNHY, FI-REEILUEE 003mg/L LA OFEFHAS
KEVS, 0lmgL LA EOBIRER I FRANEDHIF %
EITEBRTABRIELILTNS.

Q) ENERS 5 Lo+ —0 K12 & HRHERAEN

E-13 (a) (iRt %Z, B@©), @i ¥=1.0md T1=02,
0.05 m" DA OVRIRIRE C,, 7217 DNAPL (AFEEHE 4,
Btk T ofr e g%, Eo), ), (N2 ¥ =1.0md T
A=60m", B LUFHED =04, /=25m/dTA=02m"' D
P& OBEIF DNAPL O L b FOMBE R L. %
B E S oA F 4 I IRIRER IR & (SIS R4
HECTRLTWS., RTFRRITEEZ SR T, Bkl

(10 B#%) ORFAEZREIZIE LT A0S
G(0.1)}x10°m) DILFTHKT.

AVBKEDNL 7 —REO) L, AET 10m &< L
B0, ADVNELSBRDIZONERBIZIRAL, bodkb i

—90—



ﬁ?r}gd? , Far-1

®/Obs. i “\3‘ ¥ Obs.
10%M(T=2) [ (G
- | A\ —100*10(T=:
ool ~202(=2) | | \& 100*10(T=2)
0 [Tl ~—-50'5(T=2) || ¢/C° l . \\\\‘.‘ -—100*10(T=2.5)
Otk {——100"10(T=2)f 0.1 e R
FD-R’ fEAToRIs = W7 === 200%20(T=2) i {l \FJ‘: 100*10(T=3)
: o == 500°50(T=2) [ I ww
Yy L C,=0 ! v \ '\'\
< > i LS : ‘.‘
t* X L, 0oLt \ i 0.0 \ \
2000 3000 4000 ] 1000 2000 3000 4000
. _ X(m)
(@) SEHE 2D E7 /L ODfiHTaRS & SERL b) SBEDREE F-0) (Ax=100m) (©) F-1 (Ax=100m)=Lafi b HLIREES3 7R
] Far-2 4 . Far-3 , . i 1 Far-3,4,5
X ' ' — ® Obs. S '
X ¥ Obs. -— 100*10(T=2) B " Bbs.
N -—100*10(T=2) i\ —100*10(T=2.5) : —F-3(T=2.5)
C/Co I \; N Cl/Co ’ ...... 100:10(1-..3) ClCo ’ \\
Wi —100*10(T=2.5) o, i - N -—F-4(T=6) |
01 ] ' }; u - s‘\% ----- 2002000=2) ||, TR
i ‘\\ “““ 100*10(T=3) ﬁ:@‘c ----- 200*20(T=2.5) \"‘-& —=F-5(T=1)
i "\*\\' SR 200°20(T=3) §\ WA D F-5(T=1.5)
| “‘ WL
’ \ !; \\‘l"\ \‘ “
\ . T -..\ Wia®
0.01 [T 0.01 VA 0.01 NI
500 0 500 1000 1500 2000 2500 3000 3500 -500 O 500 1000 1500 2000 2500 3000 3500  5gp 500 1000 1500 2000 2500 3000 3500
X(m) X(m) X(m)

(d) F2 (Ax=50m)Uaity_ LR 55 AR (€) F-3 (Aoc=25m) Lot - EriepE 4545 (F) F-345(Ac25m) il b B39
E-12 Y 2D E7 /WS & B Sl oot R R RS A

DNAPL 7—/L ﬁlﬁﬁhﬁkﬁ o _g ;
AR oz % oml. g -
|
G =o0|! kT
! ‘ v l£=o logo(G,/Cy) 20mn I ————
D I &
%77 DNAPL i log 0 (6.)
E' _______ —|;I e
X a; : ‘ 1 Rk M M s M o 0 20m 0 20m
2ot AR R R R R AN et
(©) N-1 4, ERITFALE

(@) ARESET /W OMBHTHER L 55 4otk

Ne4B-1
FLOT 40, 240,000

it

T T i T
ko E:l 40 -10 o 0 @ e 20 0

©) N3 C, 6, LHT OBk, (78 (NS 6, LHTFHE
B3 AT o 5 L0 — PN BESTRIEE C,, 777 DNAPL (SRS A 0 55 L OWGERIT- OBIBE & (LB DA




-8 ZRAHIRRL T OFIS

F9 VEDEFAIOB/LNHE, BER

R T BEhF
b2 Eﬁ% M/ MUY | ) w7 | AW | oK ﬁgii SR
10m | 20m | 50m | ¥ | B r—2 | Mty BREE S| BG) Qx
Nl | 0250966 | 96 | 97 | 97 ( 03 | - @ | Gmgl) | TCR) | oo x10 (@
N2 0265993 | 885 | 978 | 987 13 -
N-3 0245734 | 398 | 63.1 | 888 | 46 6.5 F-1 100 10.1 20 255 3.9
N4 0246260 | 886 | 97.7 | 98.7 13 - F2 50 132 25 104 373
N-5 0250375 | 884 | 975 | 984 16 - F3 25 22 25 437 364
100 TCE concentration
e e 525 10 Rlesidual DNAPL — 5500t Residual DNAPT:_
—D(T= n i 3000 % wals ¢
R e I g;g::::; P B —‘;“'>1| z‘”%‘::'\‘ :h-— i 2
TCE o L _ Qg 31510 ~ Qg 200 - D2 ——p2
(mglL) J NG D-3(7=6.0) (kg) 3.11¢° - (kg) 1500 Te = pa |-
|t oo “ mg:g:;:; 3.05 10° e Y - D | ¢ 041
e it s 3 10° i e |
0.1 i i i 0 720 1440 2160 2880 3600 K] 720 1440 2160 2880 3600
-500 0 500 1000 1500 2000 2500 3000 3500 t (days) t (days)

X(m)

@ "Ll LIREESTR

b) BFE QR O)

0 BIFEQIEY (D2~DS)

B-14 BT MR o8

D/NEV N3 —A(E (e) Ti, KET 50m OER%

=10 FEfRR L SyBREORTE

B2 WA, EKERDED o =04md DES @ )i,
IFIFTHICBATADIZHLT, o =25md DEE(H

DN, BRI TS ZERPICHIR S D icoh

TEEBZRBUAT-HIZ, TBCIIILREERE X v BT

HESHEEL, WTHMICEINSRESR TR,

7277 DNAPL (A SHERIL, N3 /—AZROTRIF

DENBR & BB OHFRIHG LTV, N3 7 —Rid,

B | D0 | R | RER | O#

2| BHR | BFR| Q BRE | &

b ke | x100e) | Gmgl) | T¢H)
D 0035 32156 | 508 199 25
D2 507 216 25
D3 0.0035 3216 | 4% 21.7 60
D4 502 215 10
D5 00007 643 478 206 25

TEHERD ST ARF- DT DITDr — R & 3N
BB LG5,

BABDHEEZITH 20, HEHEPOBERIIRWE
LT, BFEEOAHNLRD-ZAEM (DNAPL
DREBAERZET) LHEEM), FHEEM: - Mp)

(i DNAPL DBEIESY) OBIRE2R8 IT7RT. BIF
DNAPL BEDORBRAERIZXNT 28A1L, EERORFHRAR
EHRBEDH TR ENDIND, &EFI L OMERTE
BERHLT, #TAKET 10m £T, 20m £T, 50m

GrEFSRER) oW TEELE.

T ORER, BLEEARD N1 r—ATiE, 1ImEETT
IZEAEIPRENDDIZH LT, B BATIHEA:
FEE L7 N3 Ti, 10m £T 398, 20m £ T 63.1, 50m
¥ T 888, FESMIET B LD 6% ERoT. KEH
WEEZRAE, BEFHMOBABEGIIN2 F—A L
IEFREORERZRL, 10m £T 89%, 20m £T 98%
EWVHERE LN

Q) BEER L BRFERORN

100, 50, 25m BFDYH 2 RFTET VD LIIBED
B & RATRTEAEE AR L, $E 2Kt FDRWM
WLV BARLBEREZ RO, b, P 2KRTE

RETMC L WV RER LIAHRE, DERHEEZEEL, 2
b LICRARLEBTERE, BREOREHIREEIT.
(a) M 2 RTE T /U & 5 DNAPL BEZEROKRET

£9 12, VE 2 RTLETNOREFIE FFIRED
BEE & 4y 3R D= DNAPL DOEfRE, SBE
BE LD OEREBBE AN 60 DNAPL BD
BETHY, HRFEECH £-3< DNAPL BARDEK
EEEZERLTOAQ> Q> Q. 25mIEFDORFAT,
RATRYREE L HEEREOBMNLEE U AR Qb
437107, S REER D IREE ATRESHED > D OSIRE Qe 3
364x10° kg & 72 oTe. QuidiETFRIROZEC L AR L 3
AREREOE DD, 7F—ADEPKEVD, Quidts
FHERCLOTIHT—EE L 2> TWD. TDT EDb,
2R 25m BRTFICOWT, RATRREHEEORNSYE
PHERTE B,
b) £EH 2 ITEBETIVC L HBRER L BREBRORE

25m BFOYE 2 RFTET MBHEE L BIAR, ]
HARTER LKERESE X THE LR D, 8
f L R OAEZROFB0ITE LD,

EI-14(2) 12452 — A Uil _E ORI & SZEHED
W%, E-140), ©)12, BER Qun il L HUHIRTER
QOB ETT. —HEFOBNE XY ) OPEIRTT

—92—




£-11 BARLBRFROHE

AT R AT S,=15%

BERER | B | vimeer | AMEQ. | BEEIMID BARQ x10(e) ’ﬁﬁiﬁsﬂ T
@ @ | x10 Qe | xI0 (5P | R-Qux10 (D [ 5y N2 N3 (1SS
1 5%5 10 19 50 14 19 2 49 7
20 39 10 29 - 40 61 7
$2 10X 10 10 77 50 T2 T 87 190 36
20 150 10 140 - 160 250 36

BT, ZRRE ¢ =035 THREBAME S, = 10%6DFEIT
R156kg, 1%DEBFEIT 216kg 725,

Z-14(a) >0, KFEFEEE o = 04m/d 5 2.5m/d ~&
LS TYH, i EOBESMISBIREIZS CTE
IEER D, BHTEE L e OB OBRIE-12(F) X
VD HLEBIRENS.

F-10 5, BREEMENS, = 02~10%DFHN T,
ZERREHHE o = 1.0m/ADBE, FHHEOREY R L
2 B EEERI2.55, £ DO ODNAPLIAfERIY, BfL
JEE Y7 0#500kg & 72D Z EBDND. ZITEHELNL
g, bBROFIDOFHAEFRRER LUBEHOTN
BN bROIEQ Qi ML TVA.

VIR E Qe OHE QulliIVMEE LT S, = 02%
Dr—2A DS TiE, 3 FER AR CTRIFRENIZITE
BLT, RAFBRESSBICETLE. 20 Ehb,
(), (ORI L BEEMRET N DN, BHIBEOKFIZ X
B PR ERHTE L AR E O L THEMAT
X352 LAREND BT
C)FD-RWM (2 &k 2AE BERLEREOERH

=5 I LT, BEMTKEE GL 35~70m, HITK
WENEAS GL25m DEFHIZHD. DNAPL H30ET 28
EZ ImBLU20m D24 —RALBELTEARQ
BIFE QR BRE 5.

B-15 {2, FD-RWM 0b& 007 TFKE T 10m /&
¥C, 20m J&E TOREE DNAPL BEOSZAMIC OV TERA
BREML LT% TR LS T 72T, BEEROSM
BT —2Rb, AR 190 <x <210 @25 Lk
PR, ToAE D 2m OFEEETER-TEY, Roh
TeHANCER LTS, BABERE Sm L LGS,

&V 2m OFFANICRERSSHT S L TRIND.

LiedioT, RAROBREREEICY LY, 15
B HERE LT 5x5m B L 10x10m DOFRE XS L
LT, ¥—RA% §1, S2 TEL, BE&% 10m BXLW
20m LAEETS. BEOMEREICS & 0%, BRERE
BN S S= 15%, ZoBAR e=035 &THUd DW2, B
DNAPL B QriZF-11 0 X 5iIcRED. &b, FD
RWM D#ERZAVWTES #b Lz, BEFERNOERAR
2HETS.

FRBIEBIENDEREBE LN —RIE, BA
BD 9% 10m BIZERETT A7), BARIIRFRL

50 Residual/Released .

40 ) grm| —e—N-1(10m) L]
20 -8 N-2(10m)
0 W ~e—N3(1om)]
(%) 29 . --x=-N-4(10m) 4
10 -AJ ’1’ N = =+--N-§(10m) | |
/! i
0 i e » -
NENERE T CTET
15 20 25 30
X(m)
(a) 10m B MMy He
Resldual/Released

50

T N I O T
40 ~—8— N-1(20m) | |

20 1 -=— N-2(20m) | |

' 2 —— N-3(20m)

(%) 20 v \& --X=~N-4(20m)

! - -+= - N-5(20m) ] |

10 L

0—.'-J‘ b = B

PENERC LT

15 20 X(m) 25 30
®) 20m BD MgMg Lt

B-15 7%7F DNAPL 2 (it T 2518

IFIFELNDY, 77t &5, SomBITER D N2 o —2X
1Z, RARN S DOBEIT, 10mE T2, 20m&T 40,
S2 DEEIE, FRTh 87, 160t L7223, N3 7r—2Ri3,
10m Bi%, BARD 40%, 20m J&I% 63%IEET 5%
BRABLNTWA. LIER-T, BARLLT S1 085
1T 49, 61t, S2 DEAEIT 190, 250t LW S FER L Ae otz

BHOMBRIEA D 10m BOAIERFTS N1 7—
3BT W), 20m BETORARLE LT 40 A
HEART250t L HMTTE B,

B EREI R S8 B, 20m & T 10 tB3%E
THY, F-dk - T 2 OFEEAT 10 3t 238K
mEiz X VEIREh, SRET 20 % t MEIRENEE
BEZONTVWAZL2EBRTDE, #FKBPIZBALRE
DNAPL BI3H(ETY 308t &5, Lid-T, BA
B3 10 t LA EEE X Bh, Sxm OFBEMEE Lz §1
=20 40t EWOEIRFETHY, 10x10m OFFET
AT SF15% & Lz S2 7 —RIBREROIBRSTE
RO FTREMED D 5.

—7, BIHERHENE DN RS OBMRE MTA




R, BERNT, VAN LEWROZEF MET 5
LT, VHIRTRLBMEOEZR L LI, 1984 L
MO T2 BE LR, S1 7 —AT 74, S2
r—AT 36 ELVIRRMELN. Zhit, AR
(DNAPL 23EfET ARF) IZBWT, R HEIR~
OHEBOBE R r—N iR L, SRRt ORLRE
T& 3.

T ZTIE, 1984 FRFROIEHIREE AR & T K FE
Im/d D 2 DDEAKT —F FFHNT, BKBPIZRA
L7z DNAPL & Q Dt 2R, BN L ORRE
QuiZ, HEHREIIC XABRER, HEROBRER, HX
{LLTHEELEEREE QITMABZEICEYRDL
h, E-THROBEIRS DNAPL OEREHN O HITE
TED. INLEEDEREADLDE RIS LiICL

D, ZFO%OEFEEEL ETREEE O LG TE 5.

AFEIZLD, F5 LIEREHIRETO DOESRIER
DRLDSFIREEL 22 5.

6. #Eim

EEDITFED, 740 ) TR, BRI
BIET 5 DNAPL BOBEFEEFNEZERILL, FOXE
RIGRA—=FTHB A DEERDI.

AL, BREERETAEZ L L, I/uRat’ys
REAND, BT S DNAPL IR T OESH % 7
VEATF—IIZ VR, v/ B A3y 72 DNAPL
RO RROFREE TVD 23 A ¥ —bIZk?
fRLE LA T, B LV DNAPL B4TARMTEF L —
ELYERT o F DY+ — 7 EFDRWMZIBE L.

ThIZH ESEBEED 2 FIC L ARRITRER & ik
BREL, 360, BMEAREL LT TCE B3tk E
HIFER L BE XY, #HKEPIRA LURTFT S DNAPL
BOBEEZRDLT, UTO LS 2iEwmEsE.

1) DNAPL %%fi% - SRARRME, BE) - F8ED 2250
RIEA 5 3 >0y (FEBERTsy, RSNy
=ZERRANERTE DNAPL, BEEHS) 125300 TRIFR
BT, SUFLY I ERBIUESHEIC L VEE
Bt U TEAEARNT 21T D AFEFD-RWMZEEL,
EBROOEONBREFEEOTE AT A—Z L EbE
{2, DNAPL OEALBIC L bR TR IS E
77 DNAPL Offi (544 LIERTIN—LDEE
DREETH D = L A BEFRORER L. K -
B & BT X VBT 18R D 2 R OB
FNBOTERE TN & HEBRETZATV, AFEE
FRIR AR SIITEYYRTIL> DNAPL 288
HETEXRZEEHRLMNTLE.

2) H#uzkir BEAEIL LT, DNAPLTCENC X 5 iH
TABROEFND, FHARKEPIZEA L DNAPL
BoiEL, BERLGY4HE, EefEiEEL

7o, BHhOTEYLBBESA L I TKFEEE b &2, F
i 2 RITET I L DIRIEB i BT RO R
LAaBEEFREL, fit- Mo BEELZ 100m,

10m, V5ZRTORIES DB ERANEICET D ETO
SEEEE Q54F) EBAIRD 25m #EFIEHY TCE B
B (N 2mgl) OEEZHE. &b, ZOEFL
(IR A AA R, BATE L REEARREE, AR
LRSI AR L C, RHEREEFER T A
DGR XY= Y OFSRERH 500kg EHE L.

) ZhOHOERE, AFRIZL VELNERERE
DEFESABLIURARLBHFEREOKND, K
BH~DBARE 40t HHEK 250t & REL - 7.
Z DEFE R & 0 Bk HBEIC RN &z
fE20%t &, BHEAWEIEUES SR ToiEY
FEFRAIEIC T B BB DR EER 10 t OF1 30 ¥t
RS LTEY, BERROESEISHECE .

UbLDZ b, ZHERT V¥ AT +— 7 HEFD-

RWM)III554sZ331) B BATRFHEODNAPLRFR & %

OHTETRL, BRNREMET S ETESTHY,

BYSH LR OMR « EOT= o OEE R EANIEHRE

T3 L 2L,

B3 . ABIGEO—ERIE, 2003 D EME S B ERE:
ITki) 5 BRI & R TR& - 138 - A
HRET WV L BFELRDEBITFEORRE] BLY
2002, 2003 D IGRBFEH FH R E EBRITFRCOKD)
14550539 TRK + TEBEAECFET T &-5< 15
BB DTN AT LOBFTE BFFERESE « LR
) | OofBESiTe. IR LTHERRELET

BHE X

1) Mercer, J.W. and Cohen, RM. : A review of immiscible fluids in the
subsurface: Properties, models, charaderization and remediation,
Journal of Contaminant Hydrology, Vol.6, pp.107-163, 1990.

2) Miller, C. T, Cristakos, G, Imhoff, P. T, McBride, J. F,, Pedit, J. A.
and Trangenstein, J. A. : Multiphase flow and transport modeling in
heterogeneous porous media : challenges and approaches, Adwances in
Water Resources, Vol.21, No2, pp.77-120, 1998.

3) Khachikian, C. and Hamon, T.C. : Nonaqueous phase liquid
dissolution in porous media: Currert state of knowledge and research
needs, Transport in Porous Media, Vol.38, pp3-28, 2000.

4 HexKRFE, TR SRS HEETOT 4 HY T
12 &5 DNAPL ShIE#RRAIZBE9 5 ERERORITE, K LR
#, Fa8%, 200 FEH.

5)  Sato,K.andTwasa, Y., Bds. : Groundwater Hydraulics, Springer-verlag,
Tokyo, Japan, pp.18-20, pp.73-87, 2003.

6) Comrad, SH, Wilon JL, Mason, WR. and Peplinski, WJ. :
Visualization of residual organic liquid trapped in aquifers, Water
Resources Research, Vol.28, No2, pp467-478, 1992,



8)

9

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

Geller, J.T. and Hunt, JR. : Mass transfer ffom nonaqueows phase
organic liquids in watersaturated porous media, Water Resources
Research, Vol 29, No4, pp.833-845, 1993.

Miller, C'T., Poirier-Maneill, MM. and Mayer, A.S. : Dissolution of
trapped nonaqueous phase liquids: Mass transfer characteristics, Water
Resources Research, Vol.26,No.11, pp2783-2796, 1990.

Powers, SE., Abriola, LM. and Weber, WJ. : An experimental
investigation of nonaqueous phase liquid dissolution in saturated
subsurface systems: Trarsient mass transfer rates, Water Resources
Research, Vol.30,No2, pp.321-332, 19%4.

Powers, S. E, Loureira, CO,, Abriola, 1. M. and Weber, W. J. :
Theoretical study of the significance of nonequilibrium dissolution of
nonaqueous phase liquids in subsurface systems, Water Resowrces
Research, Val.27, No4, pp463477, 191.

Powers, S. E, Abriola, L. M. and Weber, W. J. : An experimersal
investigation of nonaqueous phase liquid dissolution in saturated
subsurface systems: Steady state mass transfer rates, Water Resowrces
Research, Vol 28, No.10, pp2691-2705, 1992.

Imhoff, P.T,, Jaff€, PR. and Pinder, GF. : An experimenial study of
complete dissolution of a nonaqueous phase liquid in saturated porous
media, Water Resowrces Research, Vol.30, No2, pp.307-320, 1993.
Zhy, J. and Sykes, JF. : The influence of NAPL dissolution
characteristics on fieldscale contaminant transport in subsurface,
Journal of Contaminant Hydrology, Vol 41, pp.133-154, 2000.

Imhoff, P.T, Thyrum, GP. and Miller, C.T. : Dissohtion fingering
during the solubilization of nonaqueous phase liquids in saurated
porous media 2. Experimental observations, Water Resowrces Research,
Vol32,No.7, pp.1929-1942, 1996.

Trantham, H. and Dumford, D. : Stochastic aggregation model (SAM)
for DNAPL-water displacement in porous media, Jowrd o
Contaminant Hydrology, vol.36, pp377-400, 19%9.

Zhang, Z. F. and Smith, JE. : The velocity of DNAPL fingering in
water-saturated porous media: Iaboratory experiments and a mobile-
immobilezone model, Jowrnal of Contamminart Hydrology, Vol49,
pp.335-353,2001.

Ueno T, Giri, RR,, Nishida K. and Sato K. : An experirnental sudy on
DNAPL fingering mechanism in saturated porous media, Journal of
Hydroscience and Hydraudic Engineering JSCE, Vol21, No2, pp47-
59,2003.

Zhang, Z. F. and Smith, JE. : Visualization of DNAPL fingering
processes and mechanisms in water-saturated porous media, Transport
in Porous Media, Vol 48, pp41-59, 2002,

B, EREfA ¢ HAYSRMCIIT S DNAPL RAED
Zx%, LLEM F50% F115, pp2123, 2002
(PR BR, JIBRE— : #KET0D DNAPL Z7F RO
[T, HITFK - LG L E ORISR BT 5 5F
FoHER 9ERRTIE, pp366369,2003.

BEEER, S+, BTHE FEEE  EREAH3E
FLAHOBYRE L L P EERREFEICEET R,

2)

23)

)

2

29)

30)

3N

)

33)

34

TARELEROUE, Nob15SVI-10, pp3341, 19%.
Abriola, L. M. and Pinder, G. F. : A multiphase approach to the
modeling of porous media contamination by organic compounds: 1.
Equation developmert, Water Resources Research, Vol21, Nol,
pp.11-18, 1985.

Abriola, L. M. and Pinder, G. F. : A multiphase approach to the
modeling of porous media contamination by organic compounds: 2
Numerical simulation, Water Resources Research, Vol. 21, No. 1,
Pp.19-26, 1985,

Sleep, BE. and Sykes, J.F. : Compositional simulation of groundwater
contamination by organic compounds 2. Model applicatiors, Water
Resources Research, Vol29, No.6, pp.1709-1718, 1993.
Adenckan, AE,, Patzek, T.W. and Pruess, K. : Modeling of multiphase
transport of multicomponent organic contaminerts and heat in the
subsurface: Numerical model formutation, Water Resowrces Research,
Vol29, No.11, pp.3727-3740, 1993,

Saba, T. and Mlangasekare, TH. : Effect of groundwater flow
dimensionality on mass transfer from entrapped nonaqueous phase
liquid contaminants, Water Resowrces Research, Vol.36, Nod, pp971-
979, 2000.

Kim, T.J. and Chrysikopoulos, C.V. : Mass transfer correlations for
nonaqueous phase liquid pool dissolution in saurated porous media,
Water Resources Research, Vol.35, No2, pp449-459, 1999.

Mayer, AS. and Miller, CT. : The influence of mass transfer
characteristics and porous media heterogeneity on nonaqueous phase
dissolution, Water Resources Research, Vol32, No.6, pp.1551-1567,
199%.

Egsa, N. and Jinno, K. : Numerical simulation for transport of
chlorinated hydrocarbons with gas advection and diffision in
ursaturated zone, Jowrnal of Hydroscience and FHydraulic FEngineering
JSCE, Vol.14, No2, pp.97-104, 1996,

RIRIEMT, R, R, EK R,
£ ZRSSHBBIRE T M L 5 EIENRHT
AKIBYMRYT, HTKFEE B384, B35, ppl6el-s,
1956.

Pz, BhEE, BREE  SHEPICRITE K-
BRI — SO SR LTS T 2 B DOHER,
B RPAIUE, No2ld, pp.149-158, 2001
Adenekan, AE. and Patzek, T.W. : Cleamp of the gasoline spill arca
with steam: Compositional simulations: in dynamic underground
stripping project: LINL Gasoline Spill Demonstration Project,
Newmark, R. L, Ed. by, DOE Report UCRL-ID-116964, Vol. 3, 5-
141-5-167, July 1994,

Zheng, C, Wang, PP. and Dortch, M.S. : Subsurface contaminant
transport modeling: Challenges and resohutions, Prepared for 16th
IMACS World Congress, Lausanne, Switzerland, August 21-25, 2000.
Cox, R.A. and Nishikawa, T. : A New Total Variation Diminishing
Scheme for the Solution of Advedtive-Dominant Solute Transport,
Water Resources Research, Vol27, No.10, pp2645-2654, 1991,



35

36)

37

38)

39)

40)

41)

0)

43)

44

45)

REFE, KETIAPR  SEfEHE-ERETH, R
RRFHIRS, pps682, 1992

Yee, H. C. : Linearized form of implict TVD schemes for the
multidimersional Euler and Navier-Stokes equations, Conputers and
Mathematics with Applications, Vol.12A, Nos. 4/5, pp.413423, 1936.
Pinder, GF. and Abriola, L M. : On the simutation of nonaqueous phase
organic compoungds in the subsurface, Water Resowrces Research, Vol.
22, No. 9, pp.1095-1195; 1986.

LaBolle, E. M, Fogg, G. E. and Tompson, A. F. B. : Random-walk
simulation of transport in heterogeneous porous media: Local mass-
conservation problem and implementation methods, Water Resowrces
Research, Vol. 32, No. 3, pp.583-593, 1996.

Tompson, A.FB. and Gelhar, L.W. : Numerical simulation of solute
transport in three-dimensional, randomly heterogeneous porous media,
Water Resources Research, Vol 26, No.10, pp2541-2562, 1990.
Tompson, AF.B. : Numerical simulation of chemical migration in
physically and chemically heterogeneous porous media, Warer
Resources Research, Vol 29, No.11, pp.3709-3726, 1993.

LaBolle, E. M,, Quastel, J, Fogg, G. E. and Gravner, J. : Diffision
processes in composite porous media and their mimerical integration by
random walks: Generalized stochastic differential equations with
discontiruous coefficients, Water Resowrces Research, Vol. 36, No. 3,
pp651-662, 2000.

Bear, J. and Verruijt, A.: Modeling Groundwater Flow and Pollution, D.
Reidel Publishing Company, pp.153-167, 1987.

Yao, KM, Habibian, M.T. and O"Melia, CR. : Water and waste water
filtration: Concepts and applications, Environmental Science and
Technology, Vol.5, No.11, pp.1105-1112, 1971.
Rogers, B. and Logan, B.E. : Bactexial transport in NAPL~contarminzted
porous media, Jowrnal of Ervironmental Engineering ASCE, Vol.126,
No.7, pp.657-666, 2000.

Tufenkji, N, Redman, J.A. and Elimelech, M. : Inferpreting deposition

40

49

49)

50)

51)

L)

53)

patterns of microbial perticles in laboratory-scale column experiments,
Environmental Science and Technology, vol.37, pp.616-623, 2003.
Giri, RR,, Ueno, T. and Sato, K. : An experimental investigation on
DNAPL migration in saurated porous medium models, Al
Jowrnal of Bydraulic Frgineering JSCE, vol 46, pp.175-180. 2002,
TARZSME | ABAKE - Bfn 60 F£hR, AR,
pp417, 1985,

HEf9¥Esh, =EEfA, JdE—, GHEEECTRT, &8, B
R kA2 E R L7- DNAPL BB 58, HT
7k - HEEEY L FOB5IERIC T ASEERSE 8 EiE
&, pp.131-134,2002,

Por R, VBB« #AKBICBT 2 ERINHRE ERE
L7z DNAPL Bt ARNTREOBHIEFREORE, AR
BTk, 2003 KRS TREE, pp.162-167,2003,
ANVRBER - TGRSR -G b OB | RERO
B, AFEEAER, £23% F105, ppo9Ts, 1987.
P ARERLAWIT & AT AKIE RO -
ZEBIENR Y, LARESRIUE, £ 387 B/1-8, pplds-
152, 1987.

s, EHEE : MY oo F L S0 TAIE
$enBhIEIC BT AH5E, EREPRTARIRIT R,
SR-15-%4, 1994,

IR, ARME, THRRE, TMERS, TieEs: #
TABLRE LRSI SRR A MO B R
BEDR, KTHERE $H47%, ppl07312, 2003

(2004.72.77 24)

A NUMERICAL APPROACH TO DNAPL CONTAMINANT TRANSPORT
AND ENTRAPMENT IN AQUIFER BASED ON
A COUPLED FINITE DIFFERENCE-RANDOM WALK METHOD

Takashi SASAKI, Kuniaki SATO and Akira WADA

Dense Non Aqueous Phase Liquids (DNAPLs) are commaon sources of groundwater contamination in the subsurface.
A new model (a coupled Finite Difference-Random Walk Method : FD-RWM) of DNAPL migration for an aqueous
phase and for a nanaqueous mobile/immobile phase with entrapment effect of DNAPL blobs in pares is presented. It has
been developed on a combination of the RWM with the FDM of the advection dispersion equation disdretized using
Semi-Implicit TVD (Total Variation Diminishing) scheme. Investigating field scale applicability of the model with
experimental results and observed data at a site, it demonstrates that the FD-RWM can provide infarmation of a total

amount of the infiltrated and remained DNAPL mass in the aquifer.
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