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Abstract

During the processes of oil extraction, storage, and transportation, pollution caused by
frequent fluctuations in the groundwater level and interface changes is complex, and oil
leakage has become a major challenge. To effectively identify the water—oil displacement
process and the influence of hydrodynamic conditions on displacement efficiency, this
paper presents the results of multiple laboratory experiments, focusing on the effects of
hydraulic head, medium particle size, displacement direction, and apparatus dimensions
on oil displacement efficiency. Three types of media were used: fine sand, medium
sand, and coarse sand, simulating two displacement directions—top-down and bottom-up.
Displacement efficiency was evaluated by integrating gravity drainage and hydrodynamic
displacement processes. The results show that medium particle size has a significant
impact on displacement efficiency: coarse sand achieves the highest displacement efficiency
(98.74%), whereas fine sand yields the lowest (61.7%). Increasing the hydraulic head
significantly improves oil displacement efficiency. The top-down displacement direction
exhibits higher efficiency due to gravitational assistance. In addition, apparatus dimensions
and sand sample height also significantly affect displacement efficiency. Increasing the
apparatus diameter enhances gravity drainage efficiency, while increasing the sand sample
height reduces hydrodynamic displacement efficiency. This study provides a scientific
basis for remediating LNAPL-contaminated sites and suggests optimizing hydraulic head
and displacement direction in practical applications to improve remediation efficiency.

Keywords: hydrodynamic conditions; LNAPL; sand particle size; displacement efficiency

1. Introduction

The pollution of groundwater by petroleum products is a common problem in many
industrialized regions and oil-producing countries. Gasoline, diesel, and crude oil all
have the potential to become contaminants of groundwater. They are often referred to
as light non-aqueous phase liquids (LNAPLs), and these contaminants have a profound
impact on soil and groundwater, not only damaging the soil structure and causing residues
to be unable to volatilize effectively, but also weakening the soil’s aeration capacity and
hindering the growth of microbial communities. In addition, LNAPL pollution poses a
significant threat to industrial fields such as the manufacturing and plastic industries [1-3].
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The treatment of groundwater at contaminated LNAPL sites is a complex and challenging
issue. After LNAPL leakage, due to its basic physical characteristics, it migrates under the
combined action of gravity and capillary pressure. Researchers have conducted extensive
discussions to investigate the migration and distribution of light non-aqueous phase liquids.
Alazaiza M 'Y D [4] conducted laboratory-scale column experiments to study the influence
of water level fluctuations on the migration and redistribution of various LNAPLs in
porous media, indicating that doubling the volume of LNAPL while maintaining the same
pattern of groundwater level fluctuations does not affect the overall behavior of LNAPL.
Shen et al. [5] developed a multiphase numerical flow model by combining laboratory
experimental devices with COMSOL software 6.0. This method aims to clarify the migration
behavior of LNAPL in filled fractures and adjacent porous media. Experimental results
show that the migration speed of LNAPL in fractures is significantly higher than that
in porous media, indicating that fractures significantly accelerate the diffusion process
of LNAPL.

Zuo et al. [6] conducted a two-dimensional sandbox experiment to simulate the move-
ment of LNAPL in fine sand and silt media. The results showed that the non-aqueous
phase liquid (LN APL) was significantly retained at the capillary edge, and this retention
effect intensified over time. Yuan et al. [7] adopted a method combining two-dimensional
visualization experiments and T2VOC numerical simulation to investigate the effects of
the initial leakage rate, medium particle size, and medium heterogeneity on the migration
and distribution of LNAPL. The research results indicated that the migration distance and
contaminated area of LNAPL in porous media were significantly influenced by the leakage
condition and medium structure. Lu et al. [8] used mathematical statistics and numeri-
cal simulation methods to reveal the distribution law and interaction mechanism of the
remaining LNAPL in the “fracture-water-LNAPL” system. To deeply study the behavior
of underground non-light non-aqueous phase liquids (LNAPL) and test the prediction
model, researchers conducted various laboratory tests and field investigations of differ-
ent scales [9-21]. These works included the fixity of LNAPL, its influence by water level
fluctuations, assessment of recoverability, transient effects, and other aspects. In addition,
researchers also carried out multi-dimensional and multi-stage simulations [21-26], consid-
ering free, residual, and trapped LNAPL to predict the behavior of underground LNAPL.
In the field of light non—aqueous phase liquid (LNAPL) monitoring, researchers employ
geophysical methods to conduct studies. For instance, Suo K [27] and colleagues carried
out a study on monitoring the migration of light non—aqueous phase liquid (LNAPL)
using electrical resistivity tomography (ERT), whereas Campbell D L [28] and associates
monitored the controlled LNAPL leakage using ground—penetrating radar.

Based on past research findings regarding light non-aqueous phase liquids (LNAPLSs),
it is evident that—despite a substantial body of relevant studies—the investigation of
LNAPL displacement efficiency under hydrodynamic conditions remains relatively scarce.
This study adapts established experimental methods to conduct indoor water-flooding
experiments, aiming to examine how water head height influences LNAPL displacement
efficiency. Under natural conditions, rainfall and groundwater level fluctuations frequently
induce water-flooding of LNAPL in the unsaturated and saturated zones of soil. Accord-
ingly, by varying the displacement direction (i.e., vertical upward vs. downward flooding)
in the experiments, this natural process is more realistically simulated. To ensure experimen-
tal accuracy and representativeness, key parameters—including porous medium particle
size, column diameter, and soil column length—are systematically controlled and calibrated
to better reflect field-scale conditions. Moving beyond traditional LNAPL migration stud-
ies, this work systematically investigates the combined effects of hydrodynamic forcing,
displacement direction, and porous medium characteristics on displacement efficiency.
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Specifically, we propose an integrated conceptual framework that couples gravity-driven
drainage with hydrodynamic displacement, enabling more realistic simulation of field
scenarios involving groundwater level fluctuations. Furthermore, the study quantitatively
identifies critical water head thresholds and characterizes the stabilization behavior of
displacement efficiency across different media, thereby offering new mechanistic insights
into the dynamic control of LNAPL removal.

2. Materials and Methods
2.1. Test Materials

In the experiment, the sand sample medium was categorized into three groups: fine
sand, medium sand, and coarse sand. The preparation procedure is described as follows:
Initially, the original sand samples were dried to a constant weight at a controlled tempera-
ture of 105 £ 5 °C and then cooled to room temperature. Subsequently, based on the target
type (fine sand, medium sand, or coarse sand), the appropriate standard sieve sets were
selected for classification and sieving. The particle size ranges for each group were defined
as: fine sand (0.125-0.25 mm), medium sand (0.25-0.5 mm), and coarse sand (0.5-1 mm).
Thereafter, sand grains meeting the specified particle size criteria were collected, and the
sieve mesh was meticulously cleaned to prevent contamination of subsequent samples by
residual particles. Finally, the sieved samples were thoroughly mixed to ensure homogene-
ity, sealed for storage, and labeled with relevant parameters. The detailed particle size
distribution of the sand samples is presented in Table 1.

Table 1. Particle grading of test medium.

Particle Size (mm) Distribution/% Average .
Medium Particle Size Curvature Non-Uniform
0.005, 0.075, 0.250,  0.500, ; Coefficient Coefficient
0.075 0250  0.500  2.000 D50/mm
Fine sand 20.6 32.6 19.7 19.5 0.168 2.93 27.00
Medium Sand 6.3 38.2 29.1 19.8 0.262 7.67 44.29
Coarse sand 1.2 15.3 24.6 58.4 0.61 1.16 15.37

According to the data in Table 1, it can be known that the percentages of the particle
sizes of the three media are relatively concentrated, and the gradation is good [29]; the
LNAPL selected for this experiment is 0# diesel. The physical properties of 0# diesel [30]
are shown in Table 2 as follows.

Table 2. Basic physical characteristics of diesel fuel.

. . Dynamic Surface Ignition - . o
Type of Diesel Density/(g/mL) Viscosity/cst Tension/mN/m Point/°C Boiling Point/°C
0 0.829 2.54 27.8 220 180~370

2.2. Test Device and Test Principle

The testing apparatus is illustrated in Figure 1 below.

The testing apparatus comprises three main components: a variable water head
supply unit, a soil column assembly, and a support structure (as illustrated in Figure 1).
The liquid inlet is situated at the base of the soil column assembly, while the liquid outlet
is positioned at the top; both are interconnected via silicone tubing. Figure 1 depicts two
distinct displacement directions.
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Figure 1. Test device diagram: (a) schematic diagram of the device for the top-down displacement
process, and (b) schematic diagram of the device for the bottom-up displacement process.

2.3. Experimental Design and Procedure

This experiment employed three types of uniformly graded sand samples with distinct
particle sizes: fine sand, medium sand, and coarse sand. The cylindrical apparatus used
in the experiment was 25 cm in height and 7.5 cm in diameter, while the height of the
sand samples within the apparatus was maintained at 20 cm, to investigate the efficiency
of hydrodynamic oil displacement by altering the water head height [31]. The detailed
experimental procedures are illustrated in Figure 2.
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Figure 2. Test scheme diagram (color note: The blue arrow in the figure indicates the injected water,

20cm

the brown color represents the sand medium, the yellow color indicates Lnapl, and the green arrow
shows the gradually rising water level height).

We conducted multiple sets of independent water-displacing-oil experiments in three
media respectively to ensure the accuracy of the experimental results. Each experimental
condition was replicated at least three times. The volumes of oil and water were measured
using calibrated graduated cylinders. Prior to conducting the experiments, all measurement
devices were verified for volumetric accuracy. The “no more 0il” condition was defined
as the absence of visible oil discharge for a continuous period of 10 min. The overall
experimental uncertainty was estimated to be within £3%. The reported displacement
efficiencies represent the mean values of the replicated tests. The variation among replicates
was generally within 3%, indicating a high degree of experimental consistency. Although
formal statistical tests were not carried out, the observed trends were consistent across
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all replicates. Among them, there are two displacement methods, namely top-down
and bottom-up, aiming to simulate the efficiency of water displacing oil under the two
conditions of precipitation infiltration [32,33] groundwater level rise. All experiments
were carried out in a controlled environment with constant temperature and humidity.
The specific conditions were as follows: the laboratory temperature was maintained at
(20 £ 2) °C, the relative humidity was controlled at (50 £ 5)%, and the light intensity was
set within the range of 300 to 500 lux. In addition, the experimental device was placed on
an independent shock-proof platform, and the vibration frequency of the platform was less
than 0.1 Hz, thereby minimizing the influence of external interference on the experimental
results. Additionally, before the formal hydrodynamic water-displacing-oil test, when the
medium was in the oil-saturated state, the gravity oil drainage process was first carried
out, with the aim of better simulating the contaminants discharged from the intergranular
spaces of the medium due to the gravitational effect after LNAPL contaminated the soil [34].
The specific steps of the test scheme are as follows:

(1)  Uniformly apply Vaseline on the device wall to reduce the edge effect, and then fill
the screened sand samples into the column device [35].

(2) Sand packing: The sand was carefully packed into the column in layers with a thick-
ness of approximately 2-3 cm. Each layer was gently compacted using a standardized
tamping method to attain a uniform bulk density. The final bulk density was precisely
controlled to be consistent across all tests, with an estimated variation within £+2%.

(3) Diesel saturation: Diesel was injected from the bottom of the column at a constant
and low flow rate to prevent air entrapment. The injection continued until the effluent
at the top outlet exhibited continuous diesel discharge without air bubbles, indicat-
ing full saturation. The saturation process typically took 30-60 min, depending on
the medium.

(4) Gravity drainage: After saturation, the system was left undisturbed to enable gravity—
driven oil drainage. The drainage process was continuously monitored. The “no more
0il” condition was operationally defined as the absence of visible oil droplets at the
outlet for a consecutive period of 10 min. The total volume of oil collected during this
stage was recorded as gravity drainage.

(5) Hydrodynamic displacement: Water was introduced into the column by adjusting
the hydraulic head using a variable head system. The water head was incrementally
increased from 0.1 m to 1.5 m. At each head level, the system was allowed to reach
a quasi—steady state before advancing to the next level. The quasi—steady state
condition was defined as a stable outflow with no significant change in the oil dis-
charge rate over a period of 5-10 min. The duration at each head level was typically
10-20 min, depending on the medium and flow conditions. The displacement process
continued until no visible o0il discharge was observed under the maximum water
head condition.

(6) Data recording: The volumes of oil collected during gravity drainage and hydro-
dynamic displacement were measured using calibrated graduated cylinders. The
residual oil was determined through mass balance.

In this study, displacement efficiency is defined on a volumetric basis as the ratio
of the volume of oil recovered to the initial oil saturation volume in the porous medium.
Although formal statistical tests were not conducted, the observed trends were consistent
across all replicates.

Let Q be the saturated oil usage amount, Qy be the oil amount discharged under
the action of gravity, and Q; be the oil amount discharged during the water flooding
process. The gravity oil drainage efficiency P; is calculated using Formula (1), and the
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water flooding oil displacement efficiency P, is calculated under different water head
heights using Formula (2):

n-2 M
Q
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3. Results and Analysis
3.1. Oil Drainage Efficiency of Three Media Under the Action of Gravity

In this experiment, to investigate the impact of varying water head heights on dis-
placement efficiency, a gravity oil drainage process was conducted prior to each trial.
This procedure serves two purposes: first, it simulates the migration behavior of light
non-aqueous phase liquids (LNAPL) under gravitational forces in real-world conditions;
second, it minimizes potential interference from gravitational effects during the subsequent
water flooding oil displacement process. Figure 3 illustrates the gravity drainage efficiencies
for the three media at different water head heights before the displacement experiments.
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Figure 3. Gravity oil drainage efficiency (color note: the brown color represents the medium pores, the
black circles represent the medium particles, the red color indicates the oil, the pink color represents
the medium pores after gravity oil separation, and the black arrows indicate the operation process).

As illustrated in Figure 3, during the gravity oil drainage process, there are notable
differences in oil drainage efficiency among the three media. Specifically, the oil drainage
efficiency for fine sand ranges from 15% to 20%, for medium sand from 75% to 80%, and for
coarse sand from 85% to 90%. The primary reasons for these differences can be attributed
to the following factors: Firstly, fine sand has smaller pores and a larger specific surface
area [36], which increases the contact between sand particles and oil, leading to stronger
particle cohesion. Secondly, capillary forces [37] within fine sand are more pronounced.
These two factors collectively impede the downward flow of oil under gravity, resulting in
lower oil drainage efficiency. In contrast, medium and coarse sand have larger inter-particle
spaces that form wider and more stable connected channels during gravity oil drainage,
thereby enhancing their oil drainage efficiency.

3.2. The Efficiency of Water Displacing Oil in Three Distinct Media

After the gravity oil drainage process was completed, residual oil remained in the sand
sample device. To investigate the impact of water flooding on oil displacement efficiency
across three media at varying water head heights, this experiment systematically increased
the water head height from 0.1 m to 1.5 m in increments of 0.05 m. Multiple replicate
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groups were established for comparative analysis. Additionally, the experiment examined
two different displacement directions. The results are presented in Figure 4.
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Figure 4. The efficiency diagram of water displacing oil (color note: the red square connections
represent hydrodynamic oil displacement in fine sand media, the green circle connections represent
hydrodynamic oil displacement in medium sand media, and the blue triangle connections represent
hydrodynamic oil displacement in coarse sand media; the black circles are medium particles, the
pink color represents oil, the light cyan color represents water, and the light cyan arrows indicate the
displacement direction).

In the figure, the displacement direction on the left is from top to bottom, while on the
right it is from bottom to top. For the water flooding experiment conducted from top to
bottom, the oil displacement efficiencies for all three media particle sizes exhibit a gradual
increase with the rise in water head height. Specifically, for coarse sand, the maximum oil
displacement efficiency reaches 83.5% to 84.6% at a water head height of 0.5 m and remains
stable thereafter. For medium sand, the peak efficiency occurs at a water head height of
0.9 m, ranging from 74.18% to 74.7%. For fine sand, the highest efficiency is observed
at a water head height of 1.0 m, ranging from 49.12% to 49.61%. In the water flooding
experiment conducted from bottom to top, the oil displacement efficiency also increases
with the rise in water head height, showing a similar overall trend. At a water head height
of 0.65 m, the maximum oil displacement efficiency for coarse sand is 67.47% to 67.56%. At
0.95 m, the maximum efficiency for medium sand is 56.77% to 56.79%. Finally, at 1.05 m,
the efficiency for fine sand ranges from 41.72% to 42.08%.

From the experimental results, regardless of the displacement direction, as the water
head height increases, the coarse sand medium consistently achieves the highest displace-
ment efficiency first, followed by medium sand and fine sand in that order. The maximum
displacement efficiencies exhibit a clear decreasing trend: coarse sand > medium sand
> fine sand. This phenomenon can be attributed to the varying particle sizes of the me-
dia, which lead to differences in interparticle pore size. During water flooding, coarse
sand and medium sand, with their larger pores, tend to form extensive connected chan-
nels, facilitating oil expulsion. In contrast, fine sand, characterized by smaller pores and
stronger interparticle bonding [38], results in significant residual oil accumulation around
the particles. This makes it difficult for injected water to penetrate these obstacles and
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establish effective flow channels, thereby leading to the lowest oil displacement efficiency
for fine sand.

From the perspective of dimensionless analysis, the displacement process can be
interpreted by utilizing the capillary number (Ca) and Bond number (Bo), which quantify
the relative contributions of viscous, capillary, and gravitational forces.

The capillary number is defined as

Ca = Ko
o
where 1 is the dynamic viscosity of the displacing fluid, v is the characteristic flow velocity,
and o is the interfacial tension between water and LNAPL. The capillary number represents
the ratio of viscous forces to capillary forces.
The Bond number is defined as

_ Apgl?
0

Bo

where Ap is the density difference between water and LNAPL, g is gravitational acceleration,
and L is a characteristic pore length. The Bond number describes the relative importance of
gravitational forces compared to capillary forces.

In this study, an increase in the water head height results in an elevation of the flow
velocity, which subsequently causes an increase in the capillary number (Ca). As Ca rises,
viscous forces become more predominant relative to capillary forces, thereby facilitating the
mobilization and displacement of trapped oil. This accounts for the observed enhancement
in displacement efficiency with the increase in the water head.

The influence of particle size can be elucidated through both Ca and the Bond number
(Bo). In coarse sand, larger pore sizes give rise to higher permeability and a greater flow
velocity under the same hydraulic gradient, leading to a higher effective Ca. Simultane-
ously, the larger characteristic pore size increases the Bond number, strengthening the
role of gravity in overcoming capillary trapping. As a consequence, oil is more readily
mobilized and removed, resulting in higher displacement efficiency and a lower residual oil
content. Conversely, fine sand is characterized by smaller pore sizes and stronger capillary
forces. This leads to a lower effective Ca and a lower Bo, indicating that both viscous and
gravitational forces are less effective in overcoming capillary resistance. Consequently, a
substantial portion of the oil remains trapped within the pore structure, leading to lower
displacement efficiency and a higher residual oil saturation.

Overall, the combined analysis of Ca and Bo offers a mechanistic explanation for
the observed relationships between particle size, water head, displacement direction, and
displacement efficiency in this study.

Furthermore, the experimental results demonstrate that there are significant differences
in oil displacement efficiency for the same medium under two different displacement
directions. For instance, with coarse sand, the maximum water flooding efficiency from
top to bottom is 16.03% to 17.04% higher than that from bottom to top, and the required
water head height to achieve this efficiency is 0.15 m lower. Similar trends are observed in
medium sand and fine sand. This discrepancy can primarily be attributed to gravitational
effects [39]: during top-to-bottom water flooding, gravity enhances displacement efficiency
and reduces the necessary water head height; conversely, bottom-to-top water flooding
must overcome gravity, leading to decreased efficiency and increased water head height
requirements. In subsequent sections, this paper will provide a detailed analysis of how
displacement direction influences displacement efficiency.
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To further quantify the displacement process, a critical water head (Hc) is defined
as the point where the growth rate of displacement efficiency significantly decreases and
the curve approaches stabilization. Based on the experimental data, the Hc values for
coarse sand, medium sand, and fine sand are approximately 0.5 m, 0.9 m, and 1.0 m,
respectively. Moreover, the stabilization interval is defined as the range of water head
within which the variation in displacement efficiency is less than 2%. It is found that coarse
sand reaches stabilization rapidly after H ~ 0.5 m, while medium and fine sand need higher
water head values and show a broader stabilization range. This suggests that finer media
require greater hydraulic driving forces to overcome capillary resistance. In the initial stage
(H < Hc), the displacement efficiency increases approximately linearly with the water head.
The slope of the efficiency curve in coarse sand is significantly steeper than that in medium
and fine sand, indicating a stronger response to hydraulic forcing. This reflects the lower
capillary resistance and better pore connectivity in coarse media.

3.3. Overall Analysis of Oil Displacement Efficiency

After the oil displacement by gravity and hydrodynamic forces, residual oil remains
in the medium, with varying results across different media. To more effectively illustrate
the final displacement efficiency, we generated the percentage chart presented in Figure 5.

A mass balance approach was utilized, where the initial oil volume was presumed to
be equivalent to the sum of gravity drainage, hydrodynamic displacement, and residual
oil within the porous medium. This formulation is founded on the principle of mass
conservation for a closed multiphase system, in which no chemical reactions take place and
mass transfer between phases (e.g., dissolution into water) is negligible for LNAPL under
experimental conditions. Accordingly, the total oil volume can be expressed as

Viotal = Vgiavity + Vhydrodynumic + Viesidual

Minor discrepancies (within £3%) are predominantly ascribed to two factors: mea-
surement uncertainty and diesel evaporation. Measurement uncertainty stems from the
constraints of volumetric readings, especially when gathering small amounts of discharged
oil during the later phase of the experiment. This uncertainty chiefly impacts the par-
titioning between hydrodynamic displacement and residual oil. For instance, a slight
underestimation of the collected oil volume would result in a corresponding overestima-
tion of residual oil, and conversely. However, given that the magnitude of this uncertainty
is small and consistent across all experimental conditions, it does not affect the compara-
tive trends of displacement efficiency among different media or displacement directions.
Evaporation represents a systematic loss factor that diminishes the measurable oil volume.
Under the controlled laboratory conditions (20 & 2 °C and limited exposure duration),
diesel evaporation is relatively low owing to its moderate volatility. Nevertheless, minor
evaporation may lead to a slight underestimation of both the recovered oil and residual
oil volumes, causing a marginal overestimation of displacement efficiency. Overall, the
combined influence of measurement uncertainty and evaporation remains restricted, and
the small deviation (within £3%) validates the mass—balance assumption for the present
experimental system. Significantly, these factors do not modify the observed relationships
between particle size, water head, displacement direction, and displacement efficiency.

Throughout the experimental process, the sand sample soil column experienced two
stages: gravity drainage and hydrodynamic drainage of oil. Figure 5 clearly illustrates the
proportions of gravity drainage, hydrodynamic drainage under varying water head heights,
and the final residual oil volume for three different particle sizes of sand media. Specifically,
Figure 5a,b present the results for coarse sand media, (c) and (d) for medium sand media,
and (e) and (f) for fine sand media. Among these, (a), (c), and (e) depict the displacement
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direction from top to bottom, while (b), (d), and (f) show the displacement direction from
bottom to top. To enhance the clarity of the results, the gravity drainage values are averaged
across all media throughout the experiment, whereas the hydrodynamic drainage and
residual oil volumes are adjusted according to their respective proportions.
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Figure 5. Proportion diagram of each item. (a,c,e) represent the coarse sand, medium sand, and fine
sand media, respectively, as well as the displacement direction from bottom to top. (b,d,f) respectively
represent coarse sand, medium sand, and fine sand media, as well as the displacement direction
from top to bottom. (color note: red indicates residual oil, dark green represents hydrodynamic oil
recovery, and dark yellow represents gravity oil drainage).

As shown in Figure 5, the final displacement efficiency for coarse sand is 98.74%, with
a residual oil content of 1.26%; for medium sand, the final displacement efficiency is 95.27%,
and the residual oil content is 4.73%; for fine sand, the final displacement efficiency is
61.7%, and the residual oil content is 38.3%. The experimental results indicate that after
undergoing two stages of gravity drainage (simulating the effect of gravity on LNAPL
in natural sand layers) and hydrodynamic drainage under varying water head heights
(simulating fluctuations in groundwater levels), the oil displacement efficiency in coarse
and medium sand media is significantly higher than in fine sand media. Specifically,
the residual oil content in fine sand reaches as high as 38.3%, while its oil displacement
efficiency is only 61.7%. This suggests that particle size not only influences gravity drainage
efficiency but also has a substantial impact on hydrodynamic displacement efficiency.
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Furthermore, by comparing the data from the left and right sides of Figure 5 (representing
the two different displacement directions), it is evident that the direction of displacement
significantly affects the final oil displacement efficiency in the sand sample media.

The residual oil ratios after the combined action of gravity and hydrodynamic displace-
ment are quantitatively determined to be 1.26% for coarse sand, 4.73% for medium sand,
and 38.3% for fine sand. The difference in residual oil ratios between fine sand and coarse
sand exceeds 30%, which highlights the dominant role of pore structure in controlling
residual trapping.

3.4. The Influence of Size Effect on Hydrodynamic Oil Displacement

This paper investigates the oil displacement efficiency of three media under varying
water head heights, taking into account the influence of medium particle size and dis-
placement direction. Additionally, the impact of device size on experimental outcomes
is examined as a significant factor. In the original experiment, a cylindrical device with a
diameter of 7.5 cm was used for sand samples. To further analyze the effect of device size,
devices with diameters of 10 cm, 12 ¢cm, 14 cm, and 16 cm have been introduced. Using fine
sand with a water head height of 0.5 m and a top-to-bottom displacement direction as an
example, this study evaluates how different device sizes influence the test results, The test
results are shown in Figure 6 below.

80 = Hydrodynamic force
® Gravity
70} —
. -
60} TEeeeea L m_ -
~ S0f
S
2 40}
= -
2 30 i
g ST el
20} T
o---
10}
0 . . . . .
7.5 10 12 14 16

Diameter of device(cm)

Figure 6. The influence of device diameter.

According to the experimental results, as the device size increases, the efficiency
of gravity-driven oil displacement significantly improves from 16.7% in the initial test to
36.05%, representing an increase of nearly 116%. In contrast, the efficiency of hydrodynamic
oil displacement gradually decreases from an initial value of 68.79% to 57.77%, a reduction
of approximately 11.02 percentage points. These findings indicate that the size effect has
a particularly pronounced impact on gravity-driven oil displacement efficiency, nearly
doubling it. Conversely, the influence of size changes on hydrodynamic oil displacement
efficiency is relatively minor.

Another critical factor that must be considered in this experiment is the height of the
sand sample within the device. To systematically investigate this factor, we designed ten
sets of comparative experiments with varying heights (ranging from 15 cm to 25 cm). Using
fine sand as an example and maintaining a water head height of 0.5 m with displacement
directed from top to bottom, we conducted a detailed analysis. The test results are shown
in Figure 7 below.

It can be observed in Figure 7 that as the height of the sand sample increases, both oil
drainage methods exhibit a decreasing trend in oil displacement efficiency. The efficiency of
gravity oil drainage decreases gradually from 41% to 38.6%. In contrast, the hydrodynamic
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oil drainage efficiency shows a more pronounced decline: when the height of the sand
sample increases from 15 cm to 20 cm, the displacement efficiency drops sharply from 35%
to 16%; however, between 20 cm and 25 cm, the efficiency only marginally decreases to
15.5%. This suggests that the height of the sand sample has a more substantial impact on
the hydrodynamic oil displacement efficiency, with a clear negative correlation evident.
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Figure 7. The influence of medium height.

In the previous section, the displacement direction was initially explained. As an-
other key factor influencing the experimental results, to elaborate on the impact of the
displacement direction on the water displacement efficiency of oil, this paper has created
Figure 8, a comparison chart of displacement direction efficiency, to illustrate the influence

of the two displacement directions, from top to bottom and from bottom to top, on the
experimental results.

50 4

80 4

80

70

45

404
70

354

60 30

From top to bottom

60 -

Displacement efficiency (%)

From bottom to top
D Efficiency difference

Displacement efficiency (%)

50

From top to bottom
From bottom to top
[T Efficiency difference

Displacement efficiency (%)

= From top to bottom
= From bottom to top
D Efficiency difference

50 T

40 4

T T T T
00 02 04 06 08 10

Hydraulic gradient (m)

(a) Coarse sand

12 14 1.6

T T T T T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 06 08
Hydraulic gradient (m)

(b) Medium sand

Hydraulic gradient (m)
(c) Fine sand

Figure 8. The difference in displacement efficiency among the three media. (a) represents the differ-
ence in efficiency between the two displacement directions in a coarse sand medium. (b) represents
the difference in efficiency between the two displacement directions in a medium sand reservoir.
(c) represents the difference in efficiency between the two displacement directions in a fine sand
medium.(color note: the red line indicates water-driven oil production from top to bottom, the green

line indicates water-driven oil production from bottom to top, and the light blue area represents the
efficiency difference).

First, from the perspective of the overall change pattern, all three types of media under
two displacement directions exhibit a common characteristic: the displacement efficiency
gradually increases with the rise of the water head height and tends to stabilize under
relatively high water head conditions. The influence of different displacement directions
on the displacement efficiency is clearly manifested in all three types of media, especially
in the low—to medium—water head stage. Whether it is coarse sand, medium sand, or
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fine sand, the displacement efficiency under the top—down water displacement is always
higher than that under the bottom—up water displacement. The corresponding efficiency
difference is the largest in the low—water head range and then gradually stabilizes as
the water head increases. This phenomenon indicates that the displacement direction not
only affects the ultimate achievable displacement efficiency level but also influences the
efficiency improvement rate during the displacement process. The displacement direction
effect intensifies as the particle size of the medium decreases.

In coarse sand, the overall efficiency difference between the two displacement direc-
tions is relatively small, and it can quickly approach a stable state under a relatively low
water head. This shows that under the conditions of large pores and high permeability,
the relative influence of gravity and driving force is limited. The water phase can more
easily form continuous flow channels, and the expulsion of the oil phase is less restricted
by the displacement direction. In medium sand, this difference is magnified. The efficiency
difference remains relatively stable throughout the water head change range, indicating
that as the pore size decreases, the combined action of the gravity effect and capillary force
makes the influence of the displacement direction on the migration path and expulsion
efficiency of the oil phase more obvious.

This pattern is most prominent in fine sand. In the low-head stage, the displacement
efficiency of bottom-up water flooding is significantly lower, while top-down water flooding
can still maintain a relatively high efficiency level, resulting in an increase in the efficiency
difference between the two displacement directions. As the water head rises, although
the efficiency of bottom-up water flooding is significantly improved, it is still difficult to
fully make up for the gap caused by the unfavorable influence of gravity in the initial
stage. This indicates that in fine-grained media, small pores and high capillary pressure
amplify the effect of the gravity direction. Bottom-up water flooding not only needs to
overcome the capillary retention of the oil phase but also needs to additionally overcome
the unfavorable term of gravity, thus increasing the difficulty of initiating displacement
and the energy requirement. From the comparison results of the three groups of graphs, it
can be concluded that the influence of the displacement direction on the oil displacement
efficiency is universal, but the degree of influence is closely related to the particle size of the
medium. Top-down water flooding shows higher displacement efficiency, a faster efficiency
improvement rate, and a lower critical water head height in different media; and the finer
the medium, the more obvious this advantage is.

By comprehensively considering the three factors of device size, medium thickness,
and displacement direction, it can be clearly determined that these three factors all have
different degrees of influence on the displacement efficiency.

4. Discussion

This study systematically investigated the efficiency of water flooding for oil recov-
ery through indoor sand-column experiments, analyzing the effects of particle size and
displacement direction on resistivity changes.

In the “Results and Analysis” section, this study comprehensively examined the impact
of particle size on displacement efficiency. Future research is recommended to explore
the role of secondary minerals and free mineral ions in media with different particle sizes
from a microscopic perspective, thereby achieving a more comprehensive understanding
of how particle size influences experimental outcomes. This study employed uniform
sand samples and diesel as a light non-aqueous phase liquid (LNAPL) contaminant to
investigate specific patterns of displacement efficiency variation. Future research should
also consider other types of LNAPL pollutants and more complex medium conditions
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in experimental design, aiming to provide a robust scientific foundation for addressing
intricate soil and groundwater contamination problems.

Under the assumption of Darcy flow, the flow rate is proportional to the hydraulic
gradient, which is defined by the hydraulic head. In this study, parameters such as flow
velocity, porosity, permeability, and the capillary pressure—saturation relationship were
not directly measured. Specifically, the relative difference in hydraulic driving force can be
reflected by the change in hydraulic head. Porosity and permeability are closely associated
with the particle size distribution and packing structure. Coarser media typically exhibit
higher permeability and lower capillary resistance, which is in line with the observed
high displacement efficiency. The effects of permeability and the capillary pressure—
saturation relationship can also be indirectly reflected via changes in particle size and
displacement behavior. Future research should directly measure these parameters to
enhance quantitative modeling and achieve a more detailed coupling with numerical
models. This study employed the method of gradually increasing the hydraulic head to
simulate hydrodynamic effects. Although it can reflect the influence of the increasing
hydraulic gradient, it fails to fully capture the temporal fluctuations of the groundwater
level. Subsequent research should take into account time—varying boundary conditions to
more effectively simulate the actual field dynamics.

To extend the applicability of the experimental results, a semi-empirical model is pro-
posed to describe the displacement efficiency of LNAPL under hydrodynamic conditions.
The displacement efficiency (E) can be expressed as a function of the water head (H) and
the characteristics of the porous medium:

E= Emax(l'e_k(H_HC) )

where Enax is the maximum achievable displacement efficiency, k is the efficiency growth
coefficient reflecting the combined effect of permeability and capillary resistance, and H, is
the critical water head corresponding to the onset of effective displacement. In this formu-
lation, the parameter k is strongly dependent on particle size and pore connectivity, while
H. represents the minimum hydraulic condition required to overcome capillary forces.

Based on the experimental results in this study, Hc can be directly determined for
different media (approximately 0.5 m, 0.9 m, and 1.0 m for coarse, medium, and fine sand,
respectively), while Emax corresponds to the plateau value of displacement efficiency. The
parameter k can be estimated from the slope of the efficiency curve in the initial stage. This
model provides a practical framework for calibrating displacement behavior under similar
porous media conditions and can be used to estimate the required hydraulic head and
expected recovery efficiency in field applications.

From an engineering application perspective, the results of this study provide several
practical implications for the remediation of LNAPL-contaminated sites. First, the critical
water head values identified for different media can be used to estimate the minimum
hydraulic gradient required to initiate effective LNAPL displacement. In field applications,
this information can guide the design of water injection pressure or hydraulic control
systems to ensure a sufficient driving force for LNAPL removal. Second, the experimental
results demonstrate that displacement direction significantly affects removal efficiency. Top-
down displacement—benefiting from gravity—consistently exhibits higher efficiency than
bottom-up displacement. This suggests that, in practical remediation strategies, gravity-
assisted flow configurations—such as surface infiltration or downward injection—should
be prioritized whenever site conditions permit. Third, the residual oil saturation ratios
observed in different media provide a quantitative reference for evaluating remediation
endpoints. In fine-grained soils, a relatively high residual oil saturation may persist even
under strong hydrodynamic forcing, indicating that supplementary remediation techniques
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(e.g., surfactant flushing or thermal treatment) may be necessary. Overall, these findings
provide a quantitative basis for optimizing hydraulic conditions, flow configuration, and
integrated remediation strategies at LNAPL-contaminated sites.

It is important to note that although the experimental results offer valuable guidance
for enhancing displacement efficiency, the practical implementation under field conditions
may be affected by factors such as subsurface heterogeneity, economic limitations, and site
accessibility. These factors must be meticulously considered when applying laboratory-
derived findings to real-world remediation design.

5. Conclusions

The particle size of the sand medium plays a dominant role in controlling oil-phase
discharge efficiency. During the gravity-driven oil drainage stage, differences in oil drainage
efficiency among different media are significant, with coarse sand exhibiting the highest
efficiency. From the perspective of final displacement efficiency, coarse sand achieves the
highest displacement efficiency and the lowest residual oil volume, whereas fine sand
yields the lowest displacement efficiency and the highest residual oil volume. After both
gravity-driven oil drainage and hydrodynamic oil drainage under varying water heads,
the oil drainage efficiencies of coarse sand and medium sand are both higher than that of
fine sand. As the water head increases, the hydrodynamic displacement effect is enhanced,
leading to improved oil drainage efficiency. In terms of displacement direction, top-to-
bottom displacement yields higher efficiency than bottom-to-top displacement. Taking
coarse sand as an example, the maximum displacement efficiency achieved under top-
down displacement is significantly higher than that under bottom-up displacement, and the
required water head is reduced. When the device size increases, gravity-driven oil drainage
efficiency improves significantly, whereas hydrodynamic oil drainage efficiency decreases.
Conversely, when the height of the sand sample column increases, both gravity-driven
and hydrodynamic oil drainage efficiencies decrease—though the decline in gravity-driven
efficiency is relatively modest, hydrodynamic efficiency is markedly more sensitive to
column height. Specifically, when the column height increases from 15 cm to 20 cm,
hydrodynamic oil drainage efficiency drops sharply; it then stabilizes upon further increase
to 25 cm.
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