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Abstract. In soils, old (residual) water can persist despite
new (invading) water infiltration, potentially due to trapped air
bubbles isolating old water pockets. However, the mechanisms
behind air bubble formation and liquid separation remain unclear.
This study aims to investigate the interaction between new and
old wetting liquids and the mechanism that traps air bubbles,
isolating old water. Using a grain-based pattern micromodel, we
examined these processes during a repeated wetting cycle (wet-
ting-drainage-evaporation-wetting). To enhance visualization and
evaporation, we used dyed alcohol solutions as the wetting phase,
with air as the non-wetting phase. Results indicate that a liquid
film on grains plays a crucial role in old liquid entrapment, influ-
enced more by soil wettability than initial liquid content. Strong
wettability resulted in significant film development, allowing
old and new liquids to connect and potentially mix. In contrast,
weak wettability led to air bubble entrapment, isolating old water
and preventing its displacement. The findings highlight that soil
wettability and wetting film development are key factors in the
interaction between new and old wetting liquids.
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1. INTRODUCTION

Field hydro-isotopic measurements suggest an ecohy-
drological separation between plant uptake and soil water
drainage, indicating a distinction between subsurface
pore waters that originate from different rainfall events
(Berkowitz, 2014; Brooks et al., 2010; Finkenbiner et al.,
2022; Gouet-Kaplan and Berkowitz, 2011; Gouet-Kaplan et
al., 2009; Oerter and Bowen, 2017). Instead of being fully
displaced by event water (events such as rainfall or irriga-
tion), pre-event water could be partially mixed with event
water. Drying old water through evaporation is important
because it causes old water pockets to reside in small pores,
making them less easily replaced or mixed with new water
(Huang et al., 2023). In addition to ecohydrological separa-
tion, interaction between soil waters influences the water
components and quality of streams and groundwater, as
well as the nutrients taken up by plants.

These interaction mechanisms are typically categorised
as matrix and preferential flows at a macroscopic level.
Sklash ef al. (1986) and Kirchner et al. (2000) observed in
field studies that when matrix flow dominates the subsurface
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flow process, stored water is replaced by invading water
and is first discharged into streams or groundwater. Sklash
et al. (1986) observed that soil water runoff was first con-
tributed by pre-event water and later by the event water.
Kirchner et al. (2000) reported an initially high contami-
nation streamflow after a rainfall event. In contrast, when
preferential flows (e.g. macropore and pipe flows) domi-
nate the subsurface flow, the event water contributes to the
groundwater or streamflow earlier than expected by matrix
flow. For instance, a tracer test conducted by Turton et al.
(1995) employing a series of artificial rainfall cycles indi-
cated that macropore flows likely dominated the experiment
because the ratio of subsurface flow contributed by water
from the first rainfall cycle increased after the rainfall had
stopped. The dominance of matrix and macropore flows is
related to rainfall intensity and soil wetness (Radolinski et
al., 2021; Uchida et al., 2005). Comparing hillslope sur-
veys, Uchida et al. (2005) found that measurable pipe flow
occurs when the total rainfall amount exceeds a threshold
associated with the pre-storm wetness. Radolinski ef al.
(2021) conducted pot experiments, finding that rainwater
contributes to soil discharge at an early stage when rain-
fall intensity is sufficiently high. In addition, the initial soil
water content influences the path of the invading water. For
example, sand column experiments conducted by Horton
and Hawkins (1965) showed that rainwater preferentially
flows along paths wetted by retained water at field capacity.
However, according to Finkenbiner et al. (2022), eco-
hydrological separation is unlikely to be explained solely
by conventional soil physics. As micromodel experiments
provide straightforward results for new and old water
interactions, investigating the interplay between event and
pre-event liquids at a pore scale, rather than at the Darcy
scale, could help reveal the mechanisms involved.
Usingcyclicinfiltrationmicromodel experiments, Gouet-
Kaplan and Berkowitz (2011) observed that new water nota-
bly replaces the original pore water during the early stage
of a first wetting event. Afterwards, the interplay reaches
a stable state where the main pathways are formed for the
invading water. This result is consistent with the results of
sandbox experiments conducted by Gouet-Kaplan et al.
(2009), in which the yielded water was initially primarily
old water. The ratio of old water to yielded water decreas-
es and eventually stabilises. The nonwetting phase (e.g.
air in soil) trapped in porous media aids in the separation
(Huang et al., 2023; Wang et al., 2023). Huang et al. (2023)
demonstrated the importance of air bubble entrapment in
new- and old-water interactions using pore doublet micro-
model experiments. Trapped air bubbles for separating the
new and old wetting liquids were accomplished by pre-
shrinking the original residual wetting liquid (old liquid)
through evaporation, which reduced the likelihood of the
new invading wetting liquid coming in contact with the old
liquid. However, the films developing around the trapped
air bubbles provided an unexpected connection between
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the new and old liquids. Nevertheless, the pore doublet
micromodel used by Huang et al. (2023) considerably sim-
plified the pore geometry compared with that of real soil
or sand-packed samples. The mechanisms underlying the
formation of trapped air bubbles that separate the new and
old liquids remain unclear.

In this study, experiments were conducted using grain-
based micromodels. The channel pattern was designed
based on an X-ray CT scanning slice of a quartz-sand-
packed sample. With this pore geometry, we aimed to
investigate the interaction between new and old wetting lig-
uids and the mechanism that facilitates trapping air bubbles
and isolating the old wetting liquid pockets during repeated
wetting cycles. The wetting-drainage-evaporation-wetting
process is analogous to a rainfall-dry-season-rainfall cycle.
Based on information from Huang ef al. (2023), we ini-
tially expected that the initial old liquid content before the
invasion of new liquid could be important. Accordingly,
we conducted experiments with different initial old lig-
uid contents through the evaporation step. To accelerate
the evaporation and visualisation experiments, the wet-
ting phase was dyed alcohol solutions, and the nonwetting
phase was air.

2. METHOD
2.1. Fabrication of grain-based micromodel

Figure 1a shows the micromodel design. The central 1
x 1 cm’ region represents the porous medium of interest.
The left and right channels represent the inlet and out-
let channels, respectively. The pore pattern (Fig. 1a) was
designed based on an X-ray slice of a medium-grain quartz-
sand-packed sample obtained using X-ray microcomputed
tomography scan (Lamorski, 2017). However, the image
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Fig. 1. Grain-based micromodel. (a) Design of the grain-based
micromodel. The white portion represents the channel, and the
black areas represent the grains. (b) Pore sizes in the central 1 x
1 cm® region. The sizes are calculated based on continuous open
operation.
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was scaled because of our fabrication limitations. Fig. 1b
shows the pore size of the channel pattern during continu-
ous open operation (Liu and Jeng, 2019).

We fabricated several micromodels with the same
design. The micromodels were fabricated using a regular
polydimethylsiloxane (PDMS) modelling process (Shao et
al., 2012) with a master mold. The master mold contained
the pattern of the designed channel, which was transferred
onto a PDMS piece after PDMS modelling. The master
mold was microfabricated using UV lithography (AGL100
UV Light source; M&R Nano Technology Co., Taoyuan,
Taiwan) (Hsu et al., 2017). After transferring the pattern
onto a PDMS piece, we perforated the inlet and outlet
holes to inject fluid into the micromodel. This piece was
covered and bonded to a flat PDMS piece to close the
channel. Before closing the channel, an oxidising plasma
treatment (Plasma Cleaner PDC-32G, Harrick Plasma Inc.,
New York, USA) was applied to the bonded surfaces of the
two PDMS pieces. This treatment enhances the bonding
effect (Chaudhury and Whitesides, 1991, 1992; Shao et al.,
2012). The channel depth of the micromodel was 100 pm.
The pore area in the central 1 x 1 cm’ region was 0.55 cm’.

2.2. Experimental setup and process

We conducted wetting-drainage-evaporation-wetting
experiments. The wetting phase comprised a 95% alco-
hol solution and a dyed alcohol solution (with blue food
dye), whereas the nonwetting phase was air. In the air-
alcohol-PDMS system, the contact angle was approxi-
mately 30°, estimated by the sessile drop method. Figure 2
shows the experimental setup and steps. As Fig. 2a shows,
a syringe pump (LEGATO 200, KD Scientific Corp.,
Massachusetts, USA) was used to inject fluids into the
micromodel. The experiments were recorded using a digi-
tal camera (GS3-U3 41C6C; Point Grey Research, Inc.,

Canada).
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Fig. 2. Schematic of experimental (a) setup and steps, (b) first
wetting, (c) drainage (injecting air), (d) evaporation, (e), and (f)
second wetting with dyed alcohol solution.

449

During the first wetting step (Fig. 2b), the 95% alcohol
solution saturated the model at an injection rate of 3 uL min™,
followed by drainage using injected air at the same injec-
tion rate (Fig. 2c¢). During the evaporation step (Fig. 2d),
the alcohol solution decreased because of evaporation. In
the second wetting step (Fig. 2e), the dyed new alcohol
solution was also injected at 3 L min™'. We performed four
experiments, A, B, C, and D, with evaporation times of 32,
39, 50, and 73 min, respectively.

2.3. Image segmentation of air, liquid, and grain regions

The experiment images were RGB images: colored
images where each pixel is represented by three values
(Red, Green, Blue), each ranging from 0 to 255. Principal
component analysis (PCA) was conducted to transform the
image into a colour coordinate system, in which the air,
liquid, and grain regions exhibited maximum differences.
Initially, we selected a training m x RGB image (Fig. 3a)
containing the pure invading liquid, original remaining lig-
uid, and air. This training image was used to calculate the
matrix of principal component coefficients (W, a 3-by-3
orthogonal matrix), and the estimated means (u;, i, and ;)
of the R (red), G (green), and B (blue) component.

To perform PCA, the training image (m * n x 3 matrix)
was converted into an mn-by-3 matrix X;. Each row of X
represents the values of the R, G, and B components of
a pixel. With X, we calculated W, u,, u,, and u; from the
training image. Subsequently, X, was projected onto the
PCA space using the following equation:

Y= (Xo' [/11-], #2J, ﬂ3J]) w,

where: J is an mn-by-1 matrix of ones.

A similar process was followed for the other experimen-
tal images. Each RGB image was reshaped into an mn-by-3
matrix X. Matrix X was projected onto the PCA space in
terms of Y by substituting X for X, in the above equation.
After reshaping each column of ¥ into an m x n matrix, the
images of each principal component were obtained.

Figure 3 shows an example of the image-processing
procedure. The air, liquid, and solid regions in Fig. 3a were
identified manually, as shown in Fig. 3b-e show the images
of each principal component. As shown in Fig. 3c, the air
regions are identified by examining whether the values of
the first component (Y,) exceed a specified threshold (¢4,).
As Fig. 3d shows, the air regions are identified by examin-
ing whether the values of the second component (1Y) fall
below a specified threshold (¢4,). Thresholds th, and th,,
were determined manually. However, as shown in Fig. 3e,
the air, liquid, and solid regions could not be distinguished.

Accordingly, after calculating the Y, and Y, for an expe-
riment image using W, u,, u,, and y;, the air region could be
determined preliminarily by checking whether both condi-
tions Y, > th, and Y, < th, were met. Next, the solid region
was preset directly because it was known. The remaining
region was classified as liquid. Additionally, the saturation
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Fig. 3. Classification of air, liquid, and grain regions: (a) example
image, (b) image showing liquid, air, and solid categories. The
area marked in black represents the grain and part of the region
outside the area of interest, (c) to (d) demonstrate the images of
each PCA component.

of air (S,;) and liquid (S;4q) Were calculated by dividing
the area (pixels) by the pore area (pixels). Although S;.i
was underestimated owing to the difficulty of removing
noise and identifying wetting films, the segmentation pro-
cess could still identify the major regions of the liquid.

2.4. Estimation of new and old liquid amounts during the sec-
ond wetting step

A dense dye concentration resulted in a high colour sat-
uration in the hue-saturation-value (HSV) system (Fig. 3a
and Fig. 4). Therefore, in this study, the relative concentra-
tion of the dye solution was determined by normalising the
colour saturation between 0 and 100%, where 0% refers to
the new liquid, and 100% to the pure old liquid. The nor-
malised colour saturation was denoted Sc.
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The average Sc of the liquid area was calculated for each
image. The average S¢ are values were denoted Sc. A high
Sc indicates a high ratio of invading liquids occupying
the liquid area. A low Sc should result from the old liquid
remaining in the micromodel. Therefore, we quantified the
relative content of new liquid (S,.,) in the pore channel
using Sjiquia Sc- The old liquid saturation (S,;4) was estimated
by Siiguia (1 — So).

3. RESULTS AND DISCUSSIONS
3.1. Initial old liquid after the evaporation step

In the drainage step, because the grains were located
loosely in the lower part of the micromodels (Fig. 1b),
air penetrated the micromodels through the paths in this
region (Fig. 5a-d). The differences in these initial S;qq
values derived from minor structural differences between
the microfluidic devices.

At the beginning of the second wetting step, the initial
Siquia Values in experiments A, B, C, and D were approxima-
tely 10, 11, 15, and 17%, respectively. The initial S,4 va-
lues were calculated from Fig. Se-h. After drainage, the
micromodels were dried for different periods. However, the
changes in Syqq values after drying were not proportional
to the applied evaporation times because the distributions
and amounts of old liquids in the micromodels differed
after the drainage step (Fig. 5a-d). In experiment A, some of
the grains were coated with wetting films after evaporation

0.6

0.4

0.2

Fig. 5. Experimental images at (a-d) the end of the drainage step, and (e-h) the beginning of the second wetting step. The time, e.g.
01:35, 01:52 in (a-d) indicates the air injection time. Subfigures (a) and (e) are from experiment A, (b) and (f) are from experiment B,
(c) and (g) are from experiment C, and (d) and (h) are from experiment D. The dashed box indicates the central porous area.
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(Fig. S5e), whereas in experiment B, despite having
a similar initial Sy, to that in experiment A, only a few of
the grains were covered by wetting films (Fig. 5f). In con-
trast, in experiments C and D, the initial S;,,4 values were
higher than those in experiments A and B, and the wetting
films coated most of the grains (Fig. 5g, h).

3.2. Old liquid during the second wetting step

Figures 6-9 show the evolution of fluid saturation during
the second wetting step with our classification approach.
With additional liquid injected into the micromodel, Syqid
increased, whereas S,; decreased in each experiment. With
an injection rate of 3 uL min”, the pore volume (5.5 pL)
was reached after approximately 1.8 min.

During the first 1.8 min, the increase in S,.,, did not ra-
pidly reduce S, although S, also changed owing to mix-
ing of the new and old liquids. In all the experiments, the
old liquid was primarily located in the upper-right region,
as shown in Fig. 6b, Fig. 7b, Fig. 8b, and Fig. 9b. However,
after 1.8 min, S,y decreased in all experiments, except
experiment B. In experiment B, the change in S,y was
limited (Fig. 7d), and a significant amount of the pure old
liquid did not mix with the new liquid because of trapped
air bubbles (Fig. 7b). In other experiments, only a few (or
none) air bubbles were trapped, and the old liquid was
mixed with or displaced by the new liquid.

The Sc images after continuous injection of the new
liquid for more than 5 min in experiments A, B, C, and D
are shown in Fig. 6¢, Fig. 7c, Fig. 8c, and Fig. 9c, respec-
tively. The 5 min injection time represents the volume of
the injected new fluid, which was more than three times the
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Fig. 6. Relative new liquid concentration mapping (S¢) and satu-
ration of fluids in experiment A during the second wetting step.
Subfigures (a-c) demonstrate Sc, with its value indicated by the
colour bar. Subfigure d shows the saturations. The dashed lines
in subfigure (d) indicate the time points for subfigures (a-c), min

means injection duration in minutes. PV means the ratio of inject-
ed liquid volume to total pore volume.
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Fig. 7. Relative new liquid concentration mapping (S¢) and satu-
ration of fluids in experiment B during the second wetting step.
Subfigures (a-c) demonstrate Sc, with its value indicated by the
colour bar. Subfigure (d) shows the saturations. The dashed lines
in subfigure (d) indicate the time points for subfigures (a-c), min
means injection duration in minutes. PV means the ratio of inject-
ed liquid volume to total pore volume.
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Fig. 8. Relative new liquid concentration mapping (S¢) and satu-
ration of fluids in experiment C during the second wetting step.
Subfigures (a-c) demonstrate S¢, with its value indicated by the
colour bar. Subfigure d shows the saturations. The dashed lines
in subfigure (d) indicate the time points for subfigures (a-c), min
means the injection duration in minutes. PV means the ratio of
injected liquid volume to total pore volume.

pore volume. Only the S¢ image from experiment B con-
sistently showed a significant presence of pure old liquid
remaining in the pores. In addition, the trapped air bubbles
occupied 30-40% of the pore area (Fig. 7d). Because of the
trapped bubbles, some old liquid pockets were trapped in
the model, maintaining S,4 at approximately 9% (Fig. 7d).
The slight increase in air saturation in the late stage of the
second wetting step was ascribed to the evaporation of the
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Fig. 9. Relative new liquid concentration mapping (S¢) and satu-
ration of fluids in experiment D during the second wetting step.
Subfigures (a-c) demonstrate S¢, with its value indicated by the
colour bar. Subfigure d shows the saturations. The dashed lines
in subfigure (d) indicate the time points for subfigures (a-c), min
means the injection duration in minutes. PV means the ratio of
injected liquid volume to total pore volume.

liquid, particularly the new liquid. The new liquid, with
a higher alcohol concentration, evaporated more easily than
the old liquid.

In experiment A, after injecting a new liquid with more
than three times the pore volume, the liquid phase occupied
almost the entire channel, with only a small bubble trapped
at a dead-end pore (Fig. 6¢). The S,y value decreased
slightly (Fig. 6d). In experiment C, a small air bubble
was trapped (Fig. 8c); however, there was a significant
reduction in the S,y value from 1.8 to 8.8 min (Fig. 8d).
In experiment D, no air bubbles were trapped (Fig. 9c). The
increase in S,;; derived from air invading from the inlet. Fig.
9d shows a significant S,4 reduction.

Additionally, the results of experiments A, C, and D
show that when old and new liquids are not separated by
air, a portion of the old liquid could be displaced rapidly
with the invading liquid passing through. The old liquids in
the dead-end pores were not displaced rapidly by the new
invading liquid, although the old liquid mixed with and was
slowly replaced by the new liquid. As shown in Fig. 6d,
Fig. 8d, and Fig. 9d, the liquid areas were nearly fully occu-
pied by the new liquid after more than 5 min of injection.

The results of the interaction between new and old lig-
uids were consistent with the scenario of grains enclosed
by wetting films. In experiments A, C, and D, the wetting
films enclosed most of the grains at the beginning of the
second wetting step, resulting in a new liquid that largely
replaced the old liquid. In experiment B, only a few grains
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were initially covered with wetting films; however, during
the second wetting step, air bubbles were trapped, and the
new liquid bypassed the region occupied by the old liquid.

3.3. Influences of initial Sliquid

Huang et al. (2023) conducted pore doublet model
experiments, concluding that reducing initial Sy raises
the likelihood of old liquid entrapment. However, in our
experimental results, a low initial Syg,e did not result in
notable old liquid entrapment. The experiments arranged in
ascending order of initial Sy;4 are A, B, C, and D. In exper-
iments A, C, and D, the new liquid was mixed with the
old liquid. After injecting more than three times the pore
volume of the new liquid, only a small amount of the old
liquid remained. In contrast, in experiment B, the entrapped
pure old liquid was notable. In addition to the initial Syqu,
air bubble entrapment and dead-end pores still significantly
prevented the rapid displacement of the old liquid by the
invading new liquid (Huang et al., 2023; Wang et al., 2023).

The different results for old liquid entrapment between
experiments A and B are worth noting. Both experiments
exhibited similar initial ;4 values; however, only the lat-
ter showed a significant amount of pure old liquid. This
observation indicates that factors other than the initial S;qi
play a crucial role in entrapment of old liquid.

3.4. Differences between experiments A and B

The results of experiments A and B were compared. In
the former, the apparent contact angle was approximately
30° (Fig. 10a), and approximately 45° in the latter (Fig. 10b).
In experiment B, the ratio of residual old liquid was approx-
imately 9%, and the ratio of trapped air was around 30%.
In contrast, these ratios were approximately 2% in experi-
ment A. In addition, the development of wetting films dif-
fered between the two experiments. During the first wet-
ting, the film grew in experiment A and was more prevalent
than in experiment B (Fig. 10).

The difference in the contact angles between the differ-
ent experiments was ascribed to the decay of the surface
treatment on the PDMS and the concentration of the ethyl
alcohol solution (Fan et al., 2011; Yu et al., 2017). The

(@ (b

Fig. 10. Apparent contact angles during the first wetting in experi-
ments (a) A and (b) B were 30 and 45°.
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Fig. 11. Images taken during the second wetting step in experiment A (a-d) and experiment B (e-h).

applied surface treatment (oxidising plasma treatment) cre-
ates silanol groups on the PDMS surface (Chaudhury and
Whitesides, 1991,1992; Shao et al., 2012), resulting in the
original hydrophobic surface becoming hydrophilic (Bodas
and Khan-Malek, 2006; Mata et al., 2005). Nevertheless,
the concentration decreased as more ethyl alcohol evapo-
rated from the solution and changed the contact angle.

After the drainage step, corner-wetting films were
observed in experiments A and B (Fig. Sa, b). Nevertheless,
in experiment B, the films split and became piecewise after
evaporation (Fig. 11e). In experiment A, as the grains were
coated with films (Fig. 11a), the new and old liquids con-
nected easily with each other (Fig. 11b, c¢). As shown in
Fig. 11b and c, the new and old films were connected in
the early stage of the second wetting step. In Fig. 11b, ¢, f,
and g, a meniscus is observed (marked A) and a pore body
(marked B). Because of the connection, meniscus A moved
forward to balance the capillary force and displaced the air
between old and new liquids in pore B, with no air bubble
being trapped at pore B. In contrast, such a connection did
not exist in experiment A, and meniscus A did not connect
with the invading liquid and was stagnant at the same place
because it lacked a connected liquid film.

3.5. Role of films in interaction of old and new wetting liquids

Similar to that in Huang et al. (2023), we found that
wetting films notably affected the new and old liquid
interactions. Huang et al. (2023) indicated that although

entrapped bubbles created a barrier between new and old
liquids, corner films could serve as paths for new liquid to
intrude into the area initially occupied by old liquid.

In our study, at the beginning of the second wetting step
in experiments A, C, and D, menisci at different pore throats
were connected to each other through films. Under such
conditions, the new liquid tended to flow along the origi-
nal old pockets linked with the wetting films. Therefore,
the presence of films reduces the likelihood of old liquid
entrapment.

The role of films is illustrated schematically in Fig. 12
for cases with and without film coatings on the grains.
Figure 12a shows a wetting phase trapped between two
grains coated with films. Once the invading wetting liquid
touched the film, the meniscus of the trapped liquid moved
because of the capillary force. This movement pushed and
displaced air into the pores, thereby preventing the entrap-
ment of air bubbles. Figure 12b shows a wetting liquid
trapped between two grains without film coating. When
the invading wetting liquid contacted one of the grains, the
meniscus of the residual liquid became immobile because

b

Fig. 12. Schematic of wetting film influence: (a) film coating
grains, (b) no film coating on any grains.
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no film connected the new and old liquids. Air could
not displace the meniscus of the old liquid because the
meniscus was immobile, resulting in a higher likelihood
of air entrapment. The Jamin Effect (Smith and Crane,
1930) enhances the immobility of air bubbles. Additionally,
a slight displacement of the residual liquid increases the
capillary force against air bubble penetration through the
pore throat (Fig. 12b).

The findings of pore-scale modelling, with connecting
pore water being the invading path of new water, reflect
the Darcy-scale phenomena found by Horton and Hawkins
(1965). The soil column experiments conducted by these
authors show that rainwater tends to flow through col-
umns along flow paths that are wetted because of the water
retained by the soil at field capacity. Because the soil par-
ticles should be covered by water at field capacity, newly
invading water has a high chance of encountering the origi-
nal residual water, which also exhibits high connectivity.
Our findings at pore scale indicate that the intrusion of new
water changed the pressure head gradient in pre-existing
water, immediately triggering movement. This movement
led to the flow of new water along the pre-wetted paths.

3.6. Key factors of film development

Our experimental results indicate the importance of
wetting films for new and old water interactions. Previous
studies have shown that film development was related to
wettability and pore geometry (Bico and Quéré, 2003;
Concus and Finn, 1969, 1974; Tsao et al., 2020). Bico and
Quéré (2003) showed that film growth was stronger when
a larger capillary difference existed between the tip of the
film and its connecting bulk meniscus. For films along the
corners of a channel, the capillary difference and growth
rate are related to the contact angle (¢) and the geometry
of the corner (e.g., corner angle a) (Concus and Finn,
1969, 1974; Tsao et al., 2020). A small 6 results in a robust
growth rate as an offset to evaporation. The values 8 + a/2
should be less than 90° to result in a film curvature direction
towards the inner pore and a negative capillary force draw-
ing the liquid from the bulk meniscus to the corner. In both
the old and new liquids in experiment B, the corner film
did not spontaneously grow, implying that § + a/2 could be
larger than 90°.

In natural porous media, soil with partial wettability and
repellence is common (Dekker et al., 2005; Ritsema and
Dekker, 2012; Roper et al., 2015). Repellent soil is caused
when particulate organic matter covers the soil particles
(Roper et al., 2015) and is related to soil moisture (Doerr
and Thomas, 2000). Previously wetted soil can re-establish
its water repellence through soil drying (Doerr and Thomas,
2000; Ma’shum and Farmer, 1985; Tschapek, 1984; Valat
et al., 1991). With weak film development, the experi-
ment with a large apparent contact angle exhibited more
air entrapment and resulted in the strong separation of new
and old liquids. In addition, repellent soil enhances pre-
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ferential water flow and irregular wetting patterns (Dekker
and Ritsema, 2000). The preferential water flows bypass
the pores occupied by old water, similar to that shown in
experiment B. Based on the aforementioned mechanism,
soil drying could enhance soil repellence and the separation
of new and old water.

Particle roundness also influences film development.
In drying experiments using micromodels, Geistlinger
et al. (2019) observed that a film could entirely cover
square grains, whereas water surrounding single grains
was observed by Vorhauer et al. (2015). Geistlinger et al.
(2019) indicated that grains with sharp corners resulted in
unstable films at the corners that snapped off. The grains
were round in our micromodels and should have facilitated
film development.

In experiment B, several isolated old liquid pockets
were separated from the invading liquid during the second
wetting process. In real soil, the residual liquid could be
disconnected. Capillary films play a key role in evapora-
tion, often two-stage evaporation (Lehmann et al., 2008;
Shokri et al., 2009; Shokri and Or, 2011). In the first stage,
the evaporation rate was stable, approximately that of
saturated soil. The rate of evaporation shifts to the second
stage, where it declines dramatically when continuous dry-
ing increases the drying front depth to reach a characteristic
length. The transition from the first to the second stages
showed the disappearance or disconnection of the films that
were originally connected to the soil surface.

Moreover, if the soil is hydrophobic and air becomes
the wetting phase, the mechanisms of water entrapment and
the retention of old water will differ, as water films will not
develop. In this scenario, the non-wetting liquid-water-is
more prone to becoming trapped in pore bodies as it gets
snapped off by the pore throats it passes through (Tsao
et al., 2020; Lake, 1989). Besides, the non-wetting phase
tends to be squeezed out of small pores (e.g., pore throats)
when the wetting phase invades (Tsao et al., 2020; Lake,
1989). In our experiment, if alcohol acts as the non-wetting
phase and air as the wetting phase, the residual liquid will
likely accumulate in pore bodies, surrounded by narrow
pore paths (i.e., pore throats) after being displaced by air.
When alcohol re-enters the porous media, capillary forces
at the pore throats may impede its flow, causing it to move
through large pore paths (preferential flows). As a result,
the old liquid might not come into contact with the new
liquid, potentially leading to more residual liquid remain-
ing after each invasion event. This low wetting, even in the
case of nonwetting liquid, may result in a higher retention
of the old liquid, while the wetting liquid could wash out
more of the old liquid.
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4. CONCLUSIONS

We explored the interaction between new and old wet-
ting liquids and the role of wetting films in this process by
conducting grain-based micromodel experiments. After the
drainage step, the wetting liquid became trapped in tight
grain regions with small pore sizes, thereby influencing the
remaining liquid saturation after evaporation. Interestingly,
we found that rather than the initial old liquid content, the
presence of a liquid film coating on grains played a crucial
role in determining the entrapment of the pure old liquid.
Film development facilitated the connection between the
new and old liquids, enhancing air displacement in the
pores and reducing the likelihood of air bubble formation.
Conversely, weak film development resulted in increased
air bubble entrapment, enhancing the separation of new and
old liquids.

Previous studies have indicated that soil often exhib-
its partial wettability, particularly at a low water content.
Under partial-wetting conditions, we demonstrated that a
high contact angle resulted in weak film development and
enhanced air entrapment. This partial wettability could
enhance the separation of new and old water, highlighting
the importance of considering the soil surface chemistry
and wetting film development in future studies on new
and old water interactions. Furthermore, in addition to the
trapped pure old wetting liquid pockets, the mixing pro-
cesses between the old and new liquids controlled the mass
transport of the old liquid. Investigations into the effects of
mixing processes on the old and new water interactions are
required.
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