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Centrifuge modeling of LNAPL infiltration in sand deposits

with an impervious sheet
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ABSTRACT: Centrifuge model tests were performed to examine the mechanism of light nonaqueous liquid
(LNAPL) transportation in an unsaturated sand deposit. The experiments simulated the effect of a floating-type
vertical barrier wall to delay the LNAPL transportation. The LNAPL was transported along the streamlines, and
the wall could not stop the LNAPL transportation. However, the LNAPL accumulated on the upstream side of
the wall. The installation of the wall delayed and decreased the LNAPL transportation to the downstream

1 INTRODUCTION

The geoenvironmental damage caused by the release of
liquid forms of hazardous chemical substances into the
subsurface is a major public concern. Mathematical
and physical modeling has been developed to quantify
the transport of such contaminants in soil and ground
water. A convenient and efficient physical modeling
technique for these problems involves the use of a
geotechnical centrifuge. Arulanandan et al. (1988)
developed one of the earliest applications of centrifuge
modeling for studying contaminant transport prob-
lems. They showed that the length scale and modeling
time could be reduced by subjecting models to cen-
tripetal acceleration. Scaling laws already developed
by other researchers (e.g., Cooke and Mitchell, 1991;
Mitchell and Stratton, 1988) were used to establish the
model dimensions.

Knight and Mitchell (1996) modeled the release of
1,000 L of light nonaqueous phase liquid (LNAPL)
into unsaturated fine sand. Their paper describes the
use of a centrifuge modeling technique to study the
release of an LNAPL from a localized zone into unsat-
urated fine sand. Two different rates of release and their
influence on the penetration of the LNAPL into a sand
layer were examined. Esposito et al. (1999) simulated
a 2D spill of LNAPL in unsaturated sand prepared at
two values of porosity. The experiment presents details
of the experimental methodologies and the measuring
techniques used to evaluate the final distribution of
water and LNAPL content in the soils. In addition,

Esposito and Allersma (2000) conducted a pilot test
of the removal of a viscous LNAPL by means of a
forced ground water flow. They succeeded in showing
a cleaning process of LNAPL. However, their test also
shows the risk of contaminant advection due to ground
water flow.

Miki et al. (1999) carried out an experimental
study by enclosing a pollutant in floating-type double-
barrier wall. Model tests and numerical analysis with
1g of material were conducted. The walls inserted at
both sides of the pollutant were effective in preventing
the diffusion of the pollutant.

In this study, a floating type barrier wall was
inserted into an unsaturated sand deposit. LNAPI
was used as the contaminant. The transportation of
LNAPL by a water flow around the barrier was simu-
lated in a centrifuge test. The experiment was observed
with on-board video camera.

2 CENTRIFUG

i MODELING

The tests were carried out at the Geotechnical Cen-
trifuge Facility at Delft University of Technology, The
Netherlands. The centrifuge, shown in Photo 1, has a
diameter of 2.5 m, and samples with a weight of 300 N
can be subjected to acceleration of up to 300 times the
Earth’s gravity field (Allersma, 1994a,b).

The model container used in this research is shown
in Figure 1. The container consists of a metal frame on
which two Perspex sheets are attached at a distance of
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[image: image2.jpg]0.04m from each other. The sand deposit was located
at the center of the container and was included between
two porous rigid plastic walls. The plastic walls were
covered by filters, which prevented the loss of sand.
Two outlet taps located at both sides of the base of
the container permitted drainage of the sand sample in
flight. An electric pump, which was variable in capac-
ity by a given voltage, was placed on a swinging basket
of the centrifuge. The voltage could be adjusted in
flight in order to keep the water in the reservoirs at

Photo 1.  Geotechnical centrifuge.
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the desired level. The dimensions of the container are
given in Table 1.

An impermeable plastic sheet was used in Model B
as a barrier wall in order to examine the expected delay
ofthe LNAPL transportation. The tip of the barrier wall
was inserted below the water table in the sand deposit
(Figure 1).

Dutch sand with a Dsg of 0.20 mm and a coefficient
of uniformity of 1.58 was used, and was prepared at a
porosity of 0.36. The water level in the reservoirs was
70 mm from the bottom. At 1 g, the water table in the
sand deposit reached the surface of the sand due to the
capillary suction pressure.

The LNAPL used in the experiments was motor
oil with a density of 910 kg/m’ and a dynamic vis-
cosity of 0.14 Pa-s. The hydrocarbon was colored
with Sudan 111, a dye made by coupling diazotized
p-phenylazoaniline to 2-naphthol

The layout of the LNAPL supply container, which
was developed by Allersma (1998), is shown in
Figure 2. In the first instance, the LNAPL was stored
in a closed tank-A, which was connected with a thin
canal with an open tank-B. The container was placed
on the sand deposit, and, when the infiltration process
was started, tank-A was pressurized so that LNAPL
started to flow to tank-B with a split in the base. It was
possible to control the LNAPL infiltration by the air
pressure in tank-A in combination with a nozzle. In
this case, the LNAPL of tank-A was moved in a short
period to tank-B.

Compressed air

'

Line opening

Sand deposit

Figure 1. Dimensions of models Figure 2.  LNAPL supply container

Table 1. Dimensions of

Model Unit a b c d d dy e £ % g

A Centrifuge scale mm 40 1.5 35 0 80 80 120 62 95 0
Prototype model ~ m 12000088, 1.05° " 0.00°92.400% 240 = 3.6070 1.86° 285 ' 0.00

B Centrifuge model ~ mm 40 Lgy 35 60 45 55 120 60 88 75
Prototype scale m 120 005 1.05 180 165 360 180 264

1.35
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3 LNAPL RELEASE AND TRANSPORTATION

3.1 LNAPL transportation in the sand deposit
without a barrier wall (Model A)

The model container, shown in Figure 1, was placed
in the centrifuge and was accelerated to 30 g without
activating the pump. The water table in the sand was
lowered and stabilized at about 10 mm above the water
level of the water reservoir due to the capillary suction.
The LNAPL was then supplied into the sand deposit
in a few minutes.

Figure 3 shows the plume obtained by the images
recorded by the on-board camera at an elapsed time of
50 min (prototype time of 31.3 days) after the supply
of LNAPL. The behavior of the plume after activating
the supply container is described in the following:

1. The LNAPL was added through the line opening at
the bottom of the LNAPL supply container.

2. It diffused between the surface of the sand deposit
and the bottom of the container due to the lack of a
perfect fitting.

3. The LNAPL was then gradually transported down-
ward due to the gravity.

4. The LNAPL diffused widely in a lateral direction
along the water table.

In 55 min, the pump was started to force a ground-
water flow. The LNAPL was transported gradually ina
horizontal direction due to this action. Figure 4 shows
the plume after 60 min.

Figure 5 shows the superimposed LNAPL plumes
at elapsed times. The equivalent times of the proto-
type are also written in parentheses. The area of the

LNAPL supply container

Figure 3. Plume at time = 50 min (Model A)

plume became larger because the displacement of the
plume front at the left-hand side along the water table
was more than the movement of the plume front at the
upstream. In 120 min, the LNAPL reached the bound-
ary of the model container, and the test was terminated
The image after 120 min is shown in Figure 6; the
concentration difference in the plume is visibly good

An image processing technique was used to deter-
mine the concentration change with the elapsed time
Figure 7 shows a subtraction using the images at

Figure 4. Plume at time =60 min (Model A).
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Figure 5. Plumes of LNAPL (Model A).
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Figure 7. Concentration variation in the plume (Model A)

120 min and at 60 min. It shows the concentration vari-
ation in the LNAPL plume at the end of the test.
In Figure 7, the plume at 120min is also drawn.
The darker and lighter areas indicate an increase
and decrease in the LNAPL concentration between
120 min and 60 min (prototype elapsed time of 37.5
days), respectively. The concentration in the upstream
plume decreased. The LNAPL was transported down-
ward along the inclined water table.

Plastic sheet
Discharging line of LNAPL

Water table

30 min (18.8'days)

Sand deposit

Figure 8. LNAPL plumes at 5-30 min (Model B).

3.2 The LNAPL transportation of Model B

Soon after the model container was accelerated to
30g in the centrifuge, the pump was started to force
a groundwater flow. The LNAPL was supplied after
40 min when the water table was stable.

Figure 8 shows the progress of the infiltration fronts
of the LNAPL. The time intervals after LNAPL supple-
tion were 5, 10, 20, and 30 min, which were equivalent
prototype times of 3.1, 6.2, 12.8, and 18.8 days,
respectively. The area between the fronts and the sur-
face of the sand deposit was wetted with LNAPL. The
water table is also drawn in the figure; the streamline
around the sheet, however, could not yet be confirmed

The deepest part of the front of the plume after 5 min
was below the supply line of LNAPL. Later, the low-
est part moved with the elapsed time toward the left
downward due to the water flow and gravity.

Figures 9 and 10 show the plume at durations of
30-60 min and of 60-360 min, respectively. The upper
boundary of the plume was moved downward with the
elapsed time after the LNAPL supply finished. The
plume was transported in a downstream direction, and
the front reached the tip of the plastic sheet in 120 min.
The LNAPL was transported by the water flow to the
left side of the sheet via the sand below the tip of the
sheet and then reached the water table again. The pos-
ition of the lowest plume boundary was almost fixed in
180 min; it is believed that the boundary was along the
streamline. The barrier wall delayed the infiltration of
the contaminant to the lateral direction; however, the
contaminated area spread to a deeper area.

Figure 11 shows the subtracted images using the
images at 360 and 120 min. The darker and lighter
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Figure 9. LNAPL plumes at 30-60 min (Model B). Figure 11. Concentration variation in the plume (Model B).

Plastic sheet Plastic sheet

Water table

Water table Accumulated LNAPL

60min
(37.5 days)

60min

1 360min
180min  120min

(112 days) (75 days)

240min
LNAPL flow
(150 days) Soidaene Sand deposit
Figure 10. LNAPL plumes at 60-360 min (Model B). Figure 12, Schemes of LNAPL accumulation (Model B).

areas indicate an increase and decrease in the LNAPL  the gray areas. This delays the transportation of the
concentration at 360 and 120 min, respectively. The LNAPL. Much more LNAPL might accumulate if the
prototype elapsed time was 150 days. An area with barrier wall were inserted deeper.
decreased concentration can be seen in the right-hand
side in the plume. This observation makes it plausible
for the plume to be transported further. 4 CONCLUSIONS

Figure 12 illustrates the progress of the LNAPL
transportation of this experiment. The LNAPL istrans-  Two centrifuge model tests were conducted; the major
ported in the black area along the streamline. A part  difference was the existence of a barrier wall in one
of the LNAPL, however, temporarily accumulates in  of the model tests. The main effect of the barrier was
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that the LNAPL transportation in a partially saturated
sand deposit with a water flow was delayed. From the
observations, the following conclusions can be drawn:

* The LNAPL supplied from the surface of the par-
tially saturated sand deposit infiltrated toward the
water table for a short time and was slowly trans-
ported downstream due to the water flow.

 The LNAPL was transported underneath the imper-
meable barrier wall and reached the water table in
the opposite side of the sheet. Apparently, the sheet
could not stop the LNAPL transportation.

* The barrier allowed some of the LNAPL to accu-
mulate upstream and delayed and decreased the
downstream transportation of the LNAPL.

The transportation mechanism depends on many
parameters, such as the density of the sand deposit,
the velocity of the water, the amount and kind of con-
taminant, and the depth of the barrier. Further research
will be necessary.
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