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Effects of dynamic water table fluctuations on the

behavior of NAPL contaminants in subsoi |

Department of Urban Management - International Urban Development - Associate Professor  Giancarlo Flores

Introduction

NAPL, short for Non-Aqueous Phase Liquids, is the name
given to an important group of liquid contaminants
characterized because they do not dissolve in water but do
travel with it forming a physical interface. These NAPL
contaminants are further classified into LNAPLs—Light
NAPLs—when their densities are lighter than that of water, and
DNAPLs—Dense NAPLs—when they are heavier.

Gasolines, motor oils, benzenes, and most other
hydrocarbons, are examples of LNAPLs, while chlorinated
solvents, coal tars, and polychlorinated biphenyls, PCBs, are
examples of DNAPLs. All of these materials are widely used
in civil and industrial applications and a huge amount of them
has been spilled into the ground, all over the world.

The behavior of NAPLs in subsurface is usually described
by means of the basic transport equations which are based on
either static or single-cycle dynamic tests in laboratory
conditions. These tests, due to the difficulty in the measurement
of contaminant saturation under these conditions, are usually
run in two-phase systems (either only water and NAPL, or
water and air) and their results are then extrapolated to three-
phase systems (water, NAPL, and air). It has been shown,
however, that the behavior of these fluids when subjected to
repeated cycles of drainage and imbibition (such as is usual in
nature) changes over time, and may not be fully described by
said equations when they are derived from static conditions.
This further complicates cleanup processes as the predicted
distribution of NAPLSs differs from the real one.

There is a need, therefore, to better measure and predict the
behavior of NAPLs in three-phase systems when subject to
repeated dynamic water table cycles, and this has been one of
the most important focus of my work in Japan.

Simplified Image Analysis Method—SIAM

To better study the migrating behavior of NAPLs in
subsurface, in water-NAPL-air three-phase systems subject to
repeated dynamic water table conditions, we developed the
Simplified Image Analysis Method—SIAM—a laboratory
technique designed to calculate the saturation of both water and

NAPLs in threephase systems, by comparing digital
photographs of said system with ones taken under a very
specific set of initial conditions.

Figure 1, an image taken at an average beach, shows the
basic principle of SIAM: that soil changes color according to
the degree of saturation. As anybody who has played with sand
ata beach knows well, the lighter-color, dry sand can be darken
by adding water, and the darker-color, wet sand, can be lighten
by letting it dry. There is an obvious correlation between the
degree of saturation, and the color of the soil

Figure 1. Changes in sand color due to saturation degree

In effect, when we prepare in the laboratory different
samples of the same soil under different saturation degree
values, we can see a progression in the degree of “darkness” of
the soil (Figure 2).

Figure 2. Changes in sand color of sand samples prepared in a
laboratory, under varying degrees of NAPL saturation

When comparing soil saturation (Equation 1) with average
optical density (Equation 2), we find a linear correlation
between them that can be expanded (Equation 3) when
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analyzing pictures taken simultaneously with cameras fitted
with two different band-pass filters, giving us a set of two
equations with two unknowns (Sw, and So) that can be easily
solved using a computer, to calculate the value of both water
(Sw) and NAPL saturation (So) in three-phase systems, by
analyzing digital pictures taken to the running system:

Vw

S = x 100% )

W+ a

i NZ]_l ji N&J=1 810 I](?i ( )
[Di] _ [(D!° = DP0)s,, + (D" = D°)S, + D°
mn L(D}° =DP)s,, + (D' — DP°)S, + DP°

®

D;

Here, S is saturation, Vi, is the volume of the fluid, Vx is the
volume of air, D; is the average optical density for a specific
wavelength i, N is the number of pixels of the studied area, j is
the number of the specific pixel, Ij; is the intensity of the
individual pixel, I; isthe intensity of awhite pixel, and 00, 01,
and 10 represent the three initial conditions of fully dry soil, fully
saturated by NAPL, and fully saturated by water, respectively.

Solving the Equation set (3) for a specific area, gives us both
its water and NAPL saturation values (Sw and So). This is the

principle of the Simplified Image Analysis Method.

Current Studies
Some of the results we have obtained using the Simplified

Image Analysis Method—SIAM—have been:

1. There is, effectively, a linear correlation between average
optical density and saturation for NAPLs of different
density and viscosity values (0.73 <p < 1.20 g/em?® 1.4 <
v <1000 mPas) (Figure 3)

Figure 3. Water and NAPL saturation vs. optical density
relationship for N-decane (p = 0.730 g/cm®, v= 1.4 mPas)

2. There is a logarithmic relationship between viscosity and
residual saturation ratios for different NAPLs (Figure 4)

0.8

0.6

0.4+

(imbibition/drainage)

0.24

Residual saturation ratio

1 1b 160 1d00
Viscosity v (mPa-s)
Figure 4. Relationship between viscosity and residual
saturation ratio for different NAPLS

3. Saturation during repeated dynamic water table cycles
strongly varies from cycle to cycle in regions where the
water table fluctuates the most (Figure 5).

Figure 5. Water saturation at different heights, after four
repeated dynamic water table cycles

The Future
While we have now a better understanding of the behavior
of NAPLs under certain dynamic water table conditions in
three-phase systems, more work needs to be done to improve
the prediction of NAPL migration in subsoil in more general
cases, and our current and future work focuses on these points:
1. Theimplications of time in the saturation-pore pressure (S-
p) relationship
2. The understanding of the effects of repeated water table
fluctuation cycles on said S-p relationship
3. The understating of the combined effects of having two or
more different NAPLS contaminating the subsoil
4. The implications of water table fluctuations on the
mitigation  techniques  applied against NAPL
contamination
Our final goal is to improve the current mathematical
models so that they can better predict the real distribution of
NAPL contaminants in subsoil affected by fluctuating water
table conditions, which will help us better remediate NAPL-
contaminated soils.
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