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ABSTRACT

Centrifuge model tests were carried out to observe LNAPL
transportation in a sand deposit. The LNAPL infiltrated into the partly
saturated sand deposit and was transported along the surface of the
groundwater table by an induced horizontal flow. A floating type
impermeable sheet was inserted in an attempt to stop the transportation
of LNAPL. It appeared that the sheet was unable to stop the
transportation of LNAPL. However, the sheet wall caused the LNAPL
to accumulate at a certain location. It was investigated whether the
accumulation might facilitate efficient extraction of the LNAPL from
the sand deposit.
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INTRODUCTION

The number of underground storage tanks that have been constructed
for hazardous chemicals in chemical plants, gasoline stations and other
facilities runs into the millions. The tanks carry some risk of geo-
environmental damage caused by leaks. An important part of evaluating
soil reme ion technologies understands the transportation behavior
of substances in the ground after a spill. Many approaches have been
developed for quantifying the transportation behavior using
mathematical and physical modeling. A disadvantage of large scale
model tests is the large amount of time and money they consume.
Fortunately, a convenient and efficient alternative physical modeling
technique for these problems is available in the form of a geotechnical
centrifuge.

This study used a light non-aqueous phase liquid (LNAPL) as the
chemical substance. There have already been several centrifuge studies
of multiphase transportation in porous media. Arulanandan et al. (1988)
developed one of the earliest applications of centrifuge modeling for
studying contaminant transport problems. They showed that the length
scale and modeling time could be reduced by subjecting models to
centrifuge acceleration. Scaling laws previously developed by other
researchers (e.g., Cooke and Mitchell, 1991; Mitchell and Stratton,
1988) were used to establish the model dimensions. A summary of the
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scaling laws for the pollutant transport problem is shown in Table |
The centrifuge model technique has the great advantage of reducing the
time required for a test by 1/N? under an acceleration of N times gravity

Table 1. Scaling laws for the pollutant transport problem

Scale

Gravity
[Density
[ Pressure fr
Flow velocity

Time |

Viscosity

Permeability

Intrinsic permeability |
| Relative permeability :
Concentration

1
N
IN?
1
N
1
1
1

Knight and Mitchell (1996) described the use of the centrifuge
modeling technique for studying the release of a LNAPL from a
localized zone into an unsaturated fine sand deposit. The test was
conducted under two different release rates, and their influence on the
penctration of the LNAPL into a sand layer was 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 in
evaluating 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 groundwater
flow. Although they succeeded in demonstrating a cleaning process of
LNAPL, their test also shows the risk of contaminant advection due to
groundwater flow. Miki et al. (1999) carried out an experimental study
of the effect of enclosing a pollutant in a floating-type double barrier
wall. Model tests under Ig field and numerical analysis were conducted.
The walls inserted on cither side of the pollutant were effective in
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Fig. 1. Schematic view of the model

Table 2. Dimensions of the model

Geotextile filter:

Water
reservoir |

ine opening

Model Unit | @ [ 6 [ c |4, 3 : ] 2
R Centrifuge model [ mm 40 [ 151 35 0 120 95 0
I__ Prototype scale m 1.20 ] 0.05 | 1.05]0.00 | 2.40 3.60 [ 1.86 [ 2.85 [ 0.00
B Centrifuge model | mm 40 L5 | 35 60 120 | 60 88 75
Prototype scale m 1.20 [ 0.05 ] 1.05] 1.80 3.60 ] 1.80]264]225
A 4 Compressed air
preventing its transportation.
In the present study, the transportation behavior of LNAPL in a sand l
deposit by groundwater flow is simulated in a centrifuge test. Two
model tests were conducted, where the major difference was the
presence of a floating type impermeable sheet.
Tank B

CENTRIFUGE MODEL TESTS

Apparatus

The centrifuge model tests were carried out at the geotechnical
centrifuge facility of the Delft University of Technology. The
centrifuge has a diameter of 2.5m, and samples with a weight of 300 N
can be subjected to an acceleration of up to 300 times Earth’s gravity
(Allersma, 1994a, b).

A schematic view of the container with model ground used in this
research is shown in Fig. 1. The container consists of a metal frame to
which two Perspex walls are attached 400mm apart. The container is
divided into three sections by two porous rigid plastic walls. The sand
deposit was constructed in the center section of the container and the
two side sections were used as water reservoirs to control the water
table at the boundaries of the sample. An outlet at the base of one side
of the container was connected to an inlet at the base of the other side
by a plastic tube and an electric gear wheel pump. The pumping rate
could be varied according to the voltage applied. The voltage could be
adjusted in flight in order to keep the water in the container at the
desired level

A special supply container, developed by Allersma (1998), was used
to release the LNAPL in flight. The layout of the container is shown in
Fig. 2. Tank A and tank B are connected by a thin channel. Compressed
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Line opening

Sand deposit
Fig. 2. Schematic view of the LNAPL supply container

air can be supplied at the top of tank A. Tank B is open at the top and
has a I.0mm-wide line opening at the bottom. It is possible to control
the rate of LNAPL supply by applying air pressure to tank A in
combination with the line opening

The process used to supply the LNAPL 1o the sand deposit is as
follows. Initially, the LNAPL is stored in tank A at lg. The model
container is placed on the swinging basket of the centrifuge and the
model brought up to a certain acceleration. When the desired conditions
are reached, tank A is pressurized. The LNAPL transfers to tank B
through the vertical channel and infiltrates into the sand deposit through
the line opening.

A small video camera is mounted on the centrifuge, cnabling images
of the model to be captured in flight. Image processing techniques are




[image: image3.jpg]‘Two models, model A and model B, were prepared. The dimensions of
the models are shown in Table 2. The major difference between the
‘models was the presence or absence of an impermeable sheet. In model
B, a floating type impermeable sheet was inserted in the sand deposit
and the location of the LNAPL supply container was moved a little to
the right. The impermeable sheet is made of plastic with a thickness of
0.8mm.

The properties of the Dutch sand used in the study are shown in
‘Table 3. The sand deposit was constructed under water, Water was first
poured into the model container after which the sand was poured into
the center section of the container until the surface reached the
prescribed height. The porosity of the prepared sand deposit was 0.36.
The height of the water table in the reservoir sections was 70 mm. At
1g, the water table in the sand deposit reached the surface of the sand as
a result of capillary suction.

Table 3. Properties of sand

Particle density 2,646 Mg/m’
Sand content 88%
Silt and clay content 12%
Coefficient of uniformity | 1.70
Maximum density 1.669 Mg/m®
Minimum density 1.473 Mg/m®

The LNAPL used in the experiments was motor oil with a density of
910 kg/m’ and a dynamic viscosity of 0.14 Pass. The hydrocarbon was
colored with Sudan 1T, a dye made by coupling diazotized p-
phenylazoaniline to 2-naphthol. The LNAPL was poured into tank A of
the LNAPL supply container and the container was placed on the sand
deposit.

Test procedure of model A
The experiment was intended to observe the LNAPL infiltration due to
gravity into an unsaturated sand deposit and the LNAPL transportation
due to the groundwater flow. The prepared model container was placed
on the swinging basket of the centrifuge and was brought to an
acceleration of 30g. At this stage the pump was off. The water table in
the sand deposit lowered gradually and stabilized at about 10mm above
the water level of the water reservoirs due to capillary suction.

At an elapsed time (T,) of 13 min from the moment the acceleration
reached 30g, the LNAPL was deposited into the sand deposit. The
LNAPL discharge completed within a few minutes. At T,=55 min the
pump was started in order to maintain the prescribed water level f, in
the reservoirs as specified in Table 2, and water level f; was measured
after it had become stable. The water level f; was maintained until the
experiment was complete (T,,=240 min).

Test procedure of model B
The experiment was intended to observe the LNAPL transportation due
to groundwater flow around an impermeable sheet. The prepared model
container was placed on the swinging basket of the centrifiige and was
brought to an acceleration of 30g. Shortly afierwards, the pump was
started to maintain the prescribed water level f, in the water reservoirs
as specified in Table 2. Water level f, was measured after it had
stabilized.

The LNAPL supply was started at T,=40 min and completed within a
few minutes. The experiment continued until T,.=400 min.

Distribution of LNAPL

Water table

Distribution of LNAPL

Fig. 4. Image of model A at T,;=60 min

TEST RESULTS AND DISCUSSION
Centrifuge test of model A

Fig. 3 shows the image captured from the on-board camera at
Ty=50 min. The prototype time T, is estimated o be T,~313 days
according to T,;=900xT,. The LNAPL behavior from the moment it
was supplied (T,;=13 min) is summarized below.

(1) The LNAPL was discharged through the line opening in the bottom
of the LNAPL supply container (T, =13 min).

(2) The LNAPL diffused between the surface of the sand deposit and
the bottom of the container. The major reason for this effect was
insufficient contact between the bottom of container and the surface of
the sand deposit.

(3) The LNAPL infilirated due to gravity. The LNAPL front reached
the water table at T,,=30min.

<1|” The LNAPL diffused widely across the water table and infiltrated
slightly.
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Fig. 5. Image of model A at T,,=120 min
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Fig. 6. Distribution of LNAPL in model A at T,,=50, 60, 80, 100,
and 120 min.

At T,=55 min, the pump was started. The water table had moved as
shown in Fig. 4 by T,,=60 min. It was found that the LNAPL front
started moving downstream. At T,;=120 min the LNAPL front reached
the boundary of the model container (see Fig. 5). The LNAPL
concentration gradient in the distribution is visible in the figure.

The LNAPL distributions at T,=50, 60, 80, 100 and 120min are
shown superimposed in Fig. 6. The distribution area became larger as
time proceeded. It may be concluded that once LNAPL infiltrates the
sand deposit it will need more time to clean up.

An image processing technique was used to check the concentration
change of LNAPL as time proceeded. Fig. 7 shows the image at T,=60
min subtracted from the image at T,,=120 min. The dark area indicates
an increase in concentration of the LNAPL and the lighter area a
decrease during the period. A thick continuous line is drawn around the
area of increased concentration and a thin continuous line around the
area of decreased concentration. The concentration decreased at the
upstream end of the LNAPL distribution.

Water table at T,,> 55 min

Water table at T, =50 min
Decreased in concentration of {A\APL

Distribution of LNAPL
at T,=120 min

oncentration of

Fig. 7. Distribution of LNAPL concentration change between
T,=60 min and T,=120 min

Photo 1. Image of model A after test

A photo of the model was taken after the test (Photo 1). It can be seen
that the LNAPL accumulated along the water table. Although it cannot
be seen in the images from the video camera, the LNAPL still remains
in the area through which it had passed.

Centrifuge test of model B

An impermeable sheet was inserted in the sand deposit downstream of
the released line of LNAPL. Because a different environmental
problem comes into effect when the groundwater is interrupted, the
floating type sheet, which does not reach the impermeable boundary a
its deepest point, was applied

It took about 30 min for the acceleration o reach 30g. The LNAPL
supply was started at T,=40 min. The LNAPL distributions at T, -4

70 min are shown in Fig. 8. The LNAPL distribution was symmetrical
at T,=45 min. It shifted t0 the left when the front reached the water
table. The LNAPL front spread downwards by gravity and the upstream
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Fig. 9. Distribution of LNAPL in model B at T,,=70 - 100 min.

«concentration decreased as time proceeded.

Fig. 9 shows the LNAPL distributions at T,=70 - 100 min. The
LNAPL accumulated along the water table but the range of downstream
depth is greater than the range of upstream depth. The LNAPL front
moved deeper as it approached the impermeable sheet. Although the
stream line of water is not visible in the image, it is thought that the
LNAPL had moved to the stream line of water. The tendency becomes
more clearly visible as time proceeds.

In Fig. 10 it can be observed that the LNAPL front reached the bottom
of the impermeable sheet at T,=160 min. The LNAPL was then
transported by the water flow to the left side of the sheet via the sand
deposit below the sheet before reaching the water table again. The
location of the lowest LNAPL front was almost constant at T,;=220 min.
The LNAPL could not infiltrate deeper in the saturated sand deposit
because the LNAPL i lighter than water.

Inserting an impermeable sheet succeeded in delaying the lateral

infiltration of the contaminant, but the contaminated area spread deeper.

Fig. 11 is the result of subtracting the image at T,,=160 min from the
image at T,,=400 min. The darker area indicates an increase in LNAPL
concentration and the lighter arca a decrease during the period. An arca
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Fig. 10. Distribution of LNAPL in model B at T,;=100 - 400 min
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Fig. 11. Distribution of LNAPL in model B at T,=70 - 110 min

of decreased concentration can be found at the right of the LNAPL
distribution. However, the concentration to the right of the sheet does
not change during the period.

The image after the test is shown in Photo 2. An accumulation of
LNAPL can be observed around the impermeable sheet.

The LNAPL transportation in model B is illustrated in Fig. 12. The
sheet was unable 10 stop the transportation of LNAPL because the
groundwater was free to flow. The LNAPL was transported in the black
area, which is along the top of the groundwater streamline. Some of the
LNAPL, however, temporarily accumulated in the gray arcas above the
streamline around the sheet. The temporary accumulation near the
impermeable sheet may present an opportunity for easy extraction of
LNAPL from the ground.

CONCLUSIONS
Centrifuge model tests have been conducted to observe the LNAPL

transportation by groundwater flow in a sand deposit. In addition, the
effect of a floating type impermeable shect in the sand deposit was




[image: image6.jpg]nbnved ‘The specific conclusions from the study are as follows:
the LNAPL supplied from the surface of the partially saturated
sand deposit infiltrated downward. When the LNAPL met the
static water table, it spread along the water table, and the LNAPL
was transported along the surface of groundwater;

2. the LNAPL was transported by the groundwater flow underneath
the impermeable sheet and reached the downstream side of the
sheet with the stream of groundwater. However, some of the
LNAPL accumulated above the stream around the impermeable
sheet;

3. an advantage of using the impermeable sheet was apparent. The
floating type impermeable sheet created a space in which the
LNAPL accumulated. This presents an opportunity to extract the
LNAPL from the sand deposit in a more efficient way.

The transportation mechanism depends on many parameters, such as
the density of the sand deposit, the velocity of the water, the quantity
and type of contaminant, and the depth of the barrier. Further research
will be necessary.
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