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Abstract

Two-dimensional multiphase flow experiments were performed in the geotechnical centrifuge at
Cambridge to investigate the migration and distribution of a light non-aqueous phase liquid
(LNAPL) in unsaturated soil deposits under an accelerated gravity field of 20g. Two tests were
performed; (a) a homogenous fine sand deposit, 4.2 m thick and (b) a medium sand deposit with a
fine sand interlayer 0.8 m thick creating a total sand deposit height of 4.0 m (all in prototype scale).
Miniature resistivity probes and water tensiometers were placed at various locations of the model
to measure the changes in the water saturation and pressure during water drainage and LNAPL
spill. These data were used to obtain the dynamic capillary pressure-saturation relations. After
creating a vadose zone in the model, Soltrol 220® was spilled slightly below the soil surface and
the migration and distribution of the oil was monitored for 12,5-16.7 days (prototype time). The
changes in the oil pressure indicated the dynamic movement of the oil in the unsaturated region of
the soil deposits.
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Résumé : Modélisation en centrifugeuse du drainage de l'eau et de l'infiltration de LNAPL dans des
dépéts de sol non saturés

Des expériences bi-dimensionnelles sur écoulements polyphasiques ont été conduites en
centrifugeuse géotechnique afin d’étudier la migration et la distribution de liquides non-miscibles
en milieu poreux non saturé en eau. Deux essais ont été réalisés avec une accélération centrifuge de
20g : (a) le premier modéle était constitué d'un sable homogéne de 4.24m d'épaisseur (b) et le
second, d'une couche de sable fin de 0.8m d’épaisseur enfouis dans un sable plus grossier formant
un modéle d'une hauteur de 4.04m (a I'échelle du prototype). Des sondes de résistivité miniatures
ainsi que des tensiométres ont été utilisés pour mesurer les variations de teneur en eau et de
pression durant le drainage de I'eau et I'écoulement du liquide non-miscible. Les mesures ont
permis d'obtenir la relation dynamique entre la pression capillaire et la teneur en eau. Une fois les
Schantillons désaturés en eau, un hydrocarbure, Soltrol220®, a été injecté Scm sous la surface du
sable. La distribution de I'hydrocarbure fut observée pendant 12.5 a 16.7 jours (a I'échelle de
temps du prototype). Les variations de pressions en huile mesurées avec ! des tensiométres
hydrophobes illustrent la dynamiques du mouvement de | "huile en zone non saturée en eau.

Mots clefs : Sol non saturé, liquide non-miscible, écoulements polyphasiques, pression de liquide,
saturation en fluide

1. Introduction

NAPL source zone characterisation is important for risk assessments land iden}iﬁcation of
appropriate remediation technologies for NAPL contaminated sites. Migration of spilled NAPLs
through the pore spaces in the unsaturated and the saturated zone can result in the entrapment of
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significant volumes in the porous medium. It has been well recognised that dissolution of entrapped
NAPLs (the process by which chemicals partition from the NAPL into the aqueous phase) is
probably the most important process that determines the extent of groundwater contamination and
the speed of a NAPL source attenuating naturally (e.g. (1], [2]). The extent and configuration of the
source zone (entrapped NAPLSs) are very important inputs to multiphase mass transfer models,
which estimate the potential of groundwater contamination.

In natural soil formations, the movement and entrapment of NAPL contaminants are complicated by
soil heterogeneity such as fractures, macropores and layering. Experimental studies by Schwille [3],
Kueper and Frind [4] and Illangasekare et al. [5] demonstrated that soil layering can cause lateral
spreading, preferential flow paths and pooling of the NAPLs and pockets of large saturation of
NAPLS can exist due to interface effects between different soil formations. Because of this complex
heterogeneity effect, there are difficulties in characterising the subsurface making knowledge of
NAPL entrapment condition in the subsurface incomplete. Hence, a large uncertainty in the risk
assessment of NAPL contaminated sites remains at present. There is a need to understand the
complex NAPL migration and entrapment occurring at the interface between different soil layers in
order to refine the existing conceptual models of NAPL entrapment and subsequent dissolution in
natural formations.

This paper reports the results from two centrifuge tests of LNAPL spill in unsaturated soil deposits.

The advantages of centrifuge testing are the size of the model and the time tested. Using the scaling

law reported in the literature ([6], [7]), under a gravity field of Nzg, the prototype height will be N
times the actual model height and the prototype time will be N° times the model time. At 20 g

conditions, the prototype time (z,) will be 400 times the model time (#,); 20 minutes of centrifuge

time is equal to 5.5 days in the prototype.

One test was performed with a homogeneous fine sand model, whereas the other test was performed

with a model of a medium sand deposit and a fine sand layer embedded in the middle. The latter

test was designed to investigate the effect of soil interface on the migration/distribution of LNAPL

in unsaturated soils at elevated gravity. Miniature resistivity probes and water/oil tensiometers were

used to measure the changes in water saturation and water and oil pressures at various locations in

the models.

2. Centrifuge Models and Materials

2.1. Centrifuge models
The overall dimensions of the centrifuge strongbox used were 730 mm (length) x 150 mm (width),
with a maximum possible height for the model of about 250mm. Both tests were performed at 20g.

2L Test 1

The geometry of the model is shown in Figure 1(a). The model consists of British Standard (B.S.)
Fraction E sand deposit 0.212 m thick (prototype thickness 4.24 m) with dsp = 0.12 mm (supplied
by David Ball, UK). A drainage gravel layer 0.03 m thick with a filter paper to prevent the ﬁ_nes
washing out was placed at the base of the model. The sand was poured carefully un_der de-aired
water to minimise air entrapment; the average porosity of the fine sand deposit was‘esnmaled to be
0.47. The water table prior to the centrifuge test was at the surface of the sand deposit.

2.1.2 Test 2

The geometry of the model is shown in Figure 2(a). The model consisted of a.fme sand interlayer
embedded in slightly coarser sand deposits. The interlayer used was B.S. Fraction E sand, whereas
the main sand deposit was B.S. Fraction D sand with dsp = 0.225 mm. The_mterlayer had a
thickness of 0.04 m (prototype = 0.8 m). The total height of the sand deposits was 0.202 m
(prototype = 4.04 m). The interlayer was placed 0.062 m (pmlo!ype_ = 1.24 m) below the sm}
surface. A drainage layer 0.04 m thick consisting of gravel and geotextile was placed at the base o
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the model. Both sand fractions were poured under de-aired water to create the model; the average
porosity of the Fraction D soil deposits was estimated to be 0.37. The water table prior to the
centrifuge test was at the surface of the sand model.

2.2. Instrumentation

The front plate of the strong box was made of a thick Perspex sheet to make a visual observation
during centrifuge testing. Two cameras were mounted on the frame attached to the model package.
Images from one camera were recorded on videotape, whereas those from the other camera were
captured digitally at given time intervals by an imaging software and stored in a PC for later
imaging analysis.

The resistivity probes and the water and oil tensiometers were installed at various locations through
the back plate of the strongbox. The locations of the sensors are shown in Figures 1 (b) and 2(b) for
Test 1 and 2, respectively.

The miniature resistivity probes were used to estimate the water saturation during the centrifuge
tests. If a NaCl solution of known concentration is used as the wetting fluid, then a defined
relationship exists between the resistivity of the fluid-porous medium system and the wetting fluid
saturation [8]. This is because NaCl solution acts as the main conductor of the electrical current,
whereas the soil particles, the air and the NAPL phases act as insulators (assuming that soils do no
contain colloids and clay minerals). For the experiments, a NaCl solution of 0.05M was used as the
water. The resistivity probes were calibrated using the porous plate method for the tested sands.
Hydrophilic and hydrophobic tensiometers were used to measure water and oil pressures during the
centrifuge tests. The porous ceramic stones of the oil tensiometers were treated with
chlorotrimethylsilane to render them hydrophobic (i.e. NAPL wetting). The porous stone, which has
a high non-wetting fluid entry pressure, was saturated with the wetting fluid and connected to a
pressure transducer with a brass attachment [8].

2.3. LNAPL

Soltrol 220® manufactured by Phillips
Petroleum was used as the model LNAPL
pollutant. Soltrol 220 is an isoparaffinic Density | Dynamic | Surface T
solvent, which is a mixture of Ci3 and Ciy viscosity | tension with | pressure

rocarbos chains, and has negligible air

:i,l‘:hilily i:s water. The fluid propeniegs :t 23 [079g/cm3 [ 482cP [27dyneslem| 27.6Pa
°C are listed in Table 1. For the tests, Soltrol

Table | - Fluid properties of Soltrol 220® [9]
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220 was dyed red with Red Oil O (Aldrich) to enhance visual observation.
3. Experimental Results and Discussion

3.1. Water drainage stage

Th(:: tests were performed at 20g. Initially the water table was at the sand surface and its level was
mau_ltained by a “high” level standpipe, inserted in the base drainage layer. When the water
tensmme!.er transducers placed in the sand deposits indicated that the water pressures were at
hydrostatic equilibrium, the water pressure at the bottom drainage layer was lowered by opening a
valve that connected the bottom drainage layer to another “low” level standpipe. This allowed the
water in the model to drain, creating a vadose zone with the water table slightly above the drainage
layer (see Figures 1a and 2a). During the drainage stage, the values from the water tensiometers and
resistivity probes were monitored and recorded to investigate the dynamic capillary pressure —
saturation relations of the sands.

3.1l Test 1

The water drainage started at t = 0.6 hr and the duration of the drainage stage was 1.97 hr
(prototype time = 32.8 days) prior to the LNAPL spill. Immediately after the beginning of the
drainage, the values recorded by the water tensiometer transducer close to the surface (L1 in Figure
1b) decreased. A much slower drainage rate was observed at the lower locations (L2 and L3 in
Figure 1b). The measured changes in water pressure P,, and saturation S,, with time of L3 are shown
in Figure 3a. As the water pressure became negative, the water saturation decreased to a residual
value of approximately 0.25.

‘When the drainage stage started, the miniature pore pressure transducers placed at the bottom of the
“low” level standpipe showed that the water pressure in the bottom drainage layer did not
immediately decrease to the value specified at the location of the water outlet opening in the “low”
level standpipe. This was because the size of the opening was not large enough to allow the model
to drain freely.

The changes in the degree of saturation S, with time at various locations are shown in Figure 4a.
Two resistivity probes located at the bottom of the model showed no changes in the degree of
saturation as they were placed lcm above the water table. This is because they were within the
capillary zone of the model.

After the end of the drainage stage, all the water tensiometers, except the bottom one, showed
values of approximately — 8 kPa. This suggests that either the water did not reach the hydrostatic
conditions or the tensiometers did not record the negative pore water pressures in the sand correctly.
1t is suspected that the latter case occurred as the soil reaches a residual condition at this negative
pressure. The water phase is expected to become discontinuous under this pressure and it is possible
that the bound water was not in contact with the porous stone of the pressure transducers. As a
result, the pressure transducers stopped responding. However, further investigation is required to
validate this hypothesis.

3702, Test 2

The water drainage started at t = 0.4 hr and the duration of the drainage stage was 1.6 hr (prototype
time = 26.7 days) prior to the LNAPL spill. As can be seen in Figure 4b, the degree of saturation in
the Fraction E interlayer decreased to a residual value of approximately 0.25 when the water
pressure became negative. This is similar to what was observed during Test 1.
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The recorded changes in the water pressure P,, and the degree of saturation S,, with time as detected
by L4 (see Figure 2b) are shown in Figure 3b. The degree of saturation of the Fraction D soil
deposit placed below the fine layer gradually decreased to about 0.8 (L3 and L4), as drainage of the
fine layer continued. When the water pressure became less than the air entry pressure of the sand,
the degree of saturation suddenly dropped to a residual value of 0.1 - 0.15. The initial drop of the
degree of saturation was rather surprising, as the measured water pressure at the same level was still
positive. The beginning of this gradual decrease in water saturation coincided with time when the
Fraction E layer started to become unsaturated. It is possible that preferential air pathways formed
in the Fraction E layer and the drainage in the lower Fraction D layer started earlier, violating the
one-dimensional flow assumption.

3.1.3. Dynamic capillary pressure and saturation

Assuming that the water is draining one-dimensionally, the water pressure and saturation at the
same level are known at any given time. When the air pressure Py is assumed to be zero gauge
pressure throughout the test, the capillary pressure P (= Pair — Py) becomes the negative sign of the
measured water pressures. This gives a dynamic capillary pressure-saturation relation of the tested
sands.

The measured dynamic capillary pressure plotted against the degree of saturation is shown in Figure
5 for the Fraction E sand. The capillary pressure-saturation relation obtained from a 1g intermediate
nk test [10] and from the standard porous plate method for the same sand are also plotted in
m these centrifuge tests are very similar to the data from other tests. The
11 (about 1 kPa) and can be attributed to the measurement error of the
s confirms the hypothesis that the capillary pressure and saturation
for the flow velocities occurring in the centrifuge tests. Hence, as

scale tas
the figure. The data fro
differences are very smal
pressure transducers used. Thi
relation of this sand is unique
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long as the boundary and the initial conditions are properly
scaled, the known scaling laws can be used.

3.2. LNAPL spill stage

The basic assumption was that the LNAPL flow condition
within the centrifuge model was two dimensional (plane
strain condition). The LNAPL injection device used was a
line source buried into the soil deposit 0.05 m (1 m at
prototype scale) below the soil surface. The injection device
was connected to a header tank containing the NAPL. A
hydraulic valve was controlling the LNAPL injection. After
opening the valve, the plume migrated downwards due to
gravity forces and capillary forces. The lower standpipe was
used to maintain a constant water table in the soil model
throughout the experiment.

Contours of the LNAPL plumes (for both tests) at different
times are shown in Figure 6. Both tests showed that the
LNAPL front was rather stable. The shapes of the plumes

were also very similar. As the LNAPL reached the top of
the capillary zone, it started to spread laterally. The time
taken to reach the water table was approximately 2.7
minutes (18 hours prototype time) and 2.0 minutes (13.3
hours prototype time) for Test 1 and 2, respectively. The
tests were performed for further 45 to 60 minutes (12.5 to
16.7 days) in order to observe the lateral distribution on top
of the capillary zone and further penetration below the
water table.

In Test 1, the resistivity probe located in the capillary zone
close to the bottom centre of the model (Res 5) showed a
slight decrease in water saturation after the LNAPL reached
on top of the water table, as shown in Figure 4a. As LNAPL
is non-conductive, the decrease in water saturation is due to
the LNAPL displacing water in the capillary zone.

The location of the LNAPL front in the vertical and
horizontal direction (lateral spreading) of the plume is
shown in Figure 7. For the homogenous case (Test 1), the
vertical front has the largest speed because of large oil
saturation. The lateral side of the LNAPL plume has both
vertical and horizontal components; the vertical component
is due to gravity and capillary forces and the horizontal
component is due to capillary forces. The comparison
betweem the vertical and horizontal components of the
velocity indicates that the capillary forces contribute about
25% of the overall movement of the plume.

For the case of the layered system (Test 2), when the plume
was in the coarser D layer, the speed of the migration was
faster and consequently the plume shape was rather narrow,
indicating that the gravity force contributed largely to the
NAPL movement (approximately 85% of the overall
velocity). The capillary interface effect can be obse':rved
when the plume entered the finer E layer; the capillary
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E sand, the plume came out from Fraction E
layer into the bottom Fraction D layer. In
the bottom Fraction D layer, the front
moved in a similar way to the top D layer.
The changes in oil pressure as the LNAPL front reached the location of the oil tensiometers are
shown in Figure 8 for Test 1. Due to the small changes in the oil pressure, the actual magnitude of
the measurement is not very reliable. However, the relative magnitude of the initial increase and
subsequent decrease of the oil pressure is approximately the same for all the tensiometers. This
pressure variation is approximately 2 kPa, which corresponds to the pressure required for the
LNAPL saturation to increase close to full (100%) saturation and then to decrease to the residual
condition according to the capillary pressure-saturation relation of air-oil interface.

Figure 8 Changes in oil pressure

4. Conclusions

Centrifuge experiments of water drainage and LNAPL infiltration were performed in two models;
(a) one homogeneous fine sand deposit, and (b) one medium sand deposit with a fine layer
embedded in the middle. The data from water tensiometers and miniature resistivity probes during
the water drainage stage were used to obtain the dynamic capillary pressure-saturation relation of
the fine sand. The data from the centrifuge tests were very similar to the data obtained from a 1g
intermediate scale tank test and from the standard porous plate method for the same sand. However,
the drainage behaviour occurred at the interface of the fine sand overlying the coarser sand was
unexpected and further investigation on preferential air pathways in layered systems is necessary.
The LNAPL plumes showed stable behaviour throughout the tests, distributing the LNAPL by
gravity and capillary forces. The capillary force contributed about 25% of the overall movement of
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the plume. The effect of capillary barrier was clearly observed in the layered system case; the
LNAPL downward movement stopped when it reached the interface of the fine sand overlying the
coarser sand layer. However, once the pressure of the LNAPL built up to a certain value, the plume
started pgnetratling into the finer soil layer. A pressure change of approximately 2 kPa was recorded
by the oil tensiometers, when the LNAPL plume passed the sensors. According to the capillary
pressure-saturation relation for the air-oil interface for this sand, this measured value is equivalent

to .the pressure required for the LNAPL saturation to increase to full saturation and then to the
residual condition.
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