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Abstract:

Spontaneous imbibition is a capillary-driven flow phenomenon that exists widely in nature
and is important for several industries. Recently, Tolman length has been introduced to
improve the classical Lucas-Washburn imbibition model, in order to alleviate the deviations
in calculating the capillary pressure. However, imbibition experiments to measure Tolman
length have been scarce. In addition, the fluid-wall friction has a considerable impact on
the imbibition process, while it is often ignored. In this work, imbibition experiments
under specific conditions are carried out to measure the values of Tolman length, and
the fluid-wall friction is taken into consideration in the equilibrium equation. The water
uptake model in fractures is adopted to make corrections to the rise of water level.
The experimental results show that Tolman length decreases first and then rises with
the increasing curvature radius of liquid-gas interface. The data reveal that the Tolman
length-based model can better describe the real imbibition processes than the classical
Lucas-Washburn model.
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1. Introduction

The spontaneous imbibition process of wetting fluid in
the matrix significantly influences the slope stability under
rainfall conditions, the oil production rate, and the degree
of combination of ink and coating (Aslannejad et al., 2021).
For instance, when water flooding is employed to recover
oil from reservoirs, a certain amount of injected water is
usually imbibed into the tight matrix due to the relatively
strong capillary force. As a result, the oil recovery rate can be
considerably enhanced.

Due to its significance, spontaneous imbibition has at-
tracted a lot of attention in recent years. The classical Lucas-
‘Washburn (LW) imbibition model was established on the basis
of assumptions that the capillary segment is equally circular,
the tube axis is straight, the fluid is Newtonian, and the contact
angle between fluid and tube wall is constant (Lucas, 1918;
Washburn, 1921). Many theoretical analyses and experimental

Yandy *Corresponding author.
Scientific
Press 2709-2119 © The Author(s) 2022.

studies on imbibition were based on the LW model (Cai et al.,
2022). The pore structure can be mathematically described by
analytical geometry, therefore the LW imbibition model can
better describe the mathematical relationship between capillary
rising height and filling degree with time. Subsequently, a
number of researchers have improved the LW imbibition
model through relaxing the above assumptions (Cai et al.,
2021), so as to describe the real phenomena more accurately,
and by considering parameters such as the connectivity of cap-
illary assembly, non-straight capillary axis, and non-circular
cross-section (Mayer et al., 1965; Mason et al., 1991; Kim
et al., 1997; Markl et al., 2018; Brabazon et al., 2019). The
effects of fluid and solid properties as well as the geometric
scales on the imbibition have also been investigated (Cai et
al., 2010; Cito et al., 2012; Salama, 2021; Wang et al., 2021).
Recently, the Tolman length-based modified LW imbibition
model has been proposed by Wang et al. (2021) to improve the
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accuracy by considering the surface tension of a small liquid
drop involving the Tolman length rather than its planar value.
Tolman length is defined as the difference between the radius
of curvature of the equimolar surface (no molecule exists at
the interface with this radius) and the radius of curvature of the
Gibbs tension surface (the interface with the minimum tension
value at this radius). It describes the relationship between the
planar and the curved surface tensions, which satisfies the
following equation (Tolman, 1949):
y 1
Yoo 142
where ¥ denotes the surface tension of a surface with radius
of curvature R, Y. denotes the surface tension of a planar
surface, Ot denotes the Tolman length, and R is the radius of
curvature. However, Tolman length is an empirical parameter
that relates to fluid and capillary material properties, interface
size, temperature, and other factors (Tolman, 1949; Bhatt et al.,
2015; Rekhviashvili, 2020). As a result, it is highly necessary
to design and conduct high-quality laboratory experiments that
can provide real physical parameters under specific conditions
as well as validate and verify the models.

In the experimental study of the LW model, some scholars
have studied the imbibition process under different conditions
through customized experimental methods. For example, an
experimental method for the quantification of spontaneous
imbibition in geologic materials has been proposed (Zahasky
et al., 2019), which makes it possible to perform spontaneous
imbibition experiments under high-pressure conditions asso-
ciated with environmental and energy resource applications.
Computed tomography revealed a new time-independent scale
relationship that can describe the local imbibition rate as a
function of water saturation (Zahasky et al., 2019). Moreover,
the effect of pore structure on counter-current imbibition has
been studied and one-dimensional counter-current imbibition
experiments have been conducted in packed porous media
with different pore structures (Meng et al., 2022). Considering
the wettability, mineral compositions and pore structures,
researchers have established a schematic diagram to reveal
the fluid mobility mechanism (Tian et al., 2022). The effects
of water injection rate and initial water saturation on oil
recovery by imbibition were also studied (Karimaie et al.,
2007). A spontaneous imbibition technique combined with
nuclear magnetic resonance has been presented to probe the
shale pore connectivity of a set of shales with low-medium
maturity from the Shahejie Formation of the Jiyang depression
(Wang et al., 2021). An imbibition model taking into account
the influencing factors of imbibition in tight oil reservoirs
was established on the basis of experiments (Wang et al.,
2019). The capillary absorption kinetics of concrete-ethylene
glycol system have been studied with respect to concrete
matrix porosity and liquid viscosity (Hanzi¢ et al., 2010) to
validate the LW model. Schoelkopf et al. (2002) analyzed the
applicability of the LW model to real network structures. The
experimental results revealed a long timescale macroscopic
absorption rate depending on the square root of time, but show
a failure to perform scaling according to pore size in the LW
equation, even though the constants of surface energy, contact
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angle and fluid viscosity have been retained. Furthermore,
the average measured values of pore radius are shown to be
finer than the LW-predicted equivalent hydraulic capillary radii
(Schoelkopf et al., 2002).

As stated above, although some progress has been made in
the experimental study of the LW imbibition model, imbibition
experiments to measure the Tolman length are still scarce. In
this paper, imbibition experiments are conducted and Tolman
length is determined in the modified LW model. The numerical
results fit well with the experimental data. As the fluid-
wall friction is ignored in conventional models, to accurately
describe the real conditions, we add fluid-wall friction to the
resistance term in the equilibrium equation of forces.

The rest of this paper is organized as follows. In Section
2, Tolman length is measured experimentally and is derived
from the water injection length and the flow velocity field. In
Section 3, Tolman length and fluid-wall friction are taken into
consideration in the modified LW imbibition model, and nu-
merical simulation is carried out to calculate the instantaneous
injection length and velocity of water under certain conditions.
In Section 4, the experimental results and numerical simulation
are compared to verify the effect of Tolman length on the LW
imbibition model. The conclusions are presented in Section 5.

2. Experimental section

In this experiment, a high-speed camera is used to record
the imbibition process of water in a custom-made capillary,
and the position data after processing are compared with the
numerical simulation results. The values of Tolman length are
selected through fitting the numerical results with those of
experiments.

As shown in Fig. 1, the experimental system mainly
contains a glass tank, glass capillary, glass rod, copper wire,
scale, beaker, pure water, high-speed camera, tripod, light
source, sulfate paper, computer, and air conditioner.

The experimental steps are described as follows: turn
on the air conditioner to 20 °C in advance and inject an
appropriate amount of pure water into the glass tank. When
the water temperature reaches 20 °C, the glass rod is placed
horizontally on the upper edge of the glass tank, and the
capillary tube is placed on the glass rod. When it is necessary
to lower the capillary height, copper wire is used instead of
a glass rod for the adjustment. Sulfate paper is stuck on the
outer wall of the glass tank, and a light source is placed at
the same height behind the sulfate paper. The computer image
acquisition software is loaded, the real-time video images are
analyzed, and the height, elevation angle and direction of the
high-speed camera are adjusted manually to ensure that the
lens center and the bottom of the capillary are in the same
horizontal plane. The aperture and focal length are adjusted to
ensure the clarity of the observed images. The shooting rate is
set to control the time interval between two adjacent images.
After shooting is started, a proper amount of pure water is
taken from a beaker and slowly poured into the glass tank.
Water pouring is stopped when the water covers the entrance
at the bottom of the capillary. The shooting continues until the
imbibition process is completed. The collected photos are
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Fig. 1. Experimental equipment.

Fig. 2. Three kinds of capillary tubes.

screened, and images between the beginning and the end of
imbibition are disregarded. The injection length of water in
the photo is measured by a ruler or computer aided design,
and the actual injection length of water is calculated by the
proportion of the photograph and the real object.

A capillary tube with different specifications is selected
for the experiment. The specifications of capillary tubes are
shown in Table 1, and their photographs are presented in Fig.
2.

Initial velocity is an important parameter in the numerical
calculation, which can make the numerical simulation well
predict the capillary imbibition process. The imbibition veloc-
ity field of water in a circular tube under certain conditions
can be measured by particle image velocimetry (PIV). The ex-
perimental system of PIV is shown in Fig. 1, which is similar
to the measurement procedure of the imbibition velocity field
by PIV. In this setup, it is necessary to add tracer particles into
water as well as replace the light source with a laser emitter.

3. Numerical simulation

Our previous work (Wang et al., 2021) proposed a modified
LW imbibition model based on Tolman length and an effective

numerical method to calculate numerical solutions of the
corresponding nonlinear differential equation. Tolman length
was taken into account in this model, which can alleviate the
deviations between numerical results and real values (Kou
et al., 2016). The modified model proposed in this paper
considers the effect of fluid-wall friction in the resistance term,
which makes the model better describe the real conditions. The
shape and size of the capillary tube used in this experiment
correspond to the constant radius model and the variable
inclination angle model. The model with constant radius is
expressed as:
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where 6 denotes the wetting angle, r denotes the tube ra-
dius, O (r~!) denotes the higher-order infinitesimal of r~!,
pw denotes the density of the wetting liquid, g denotes the
gravitational acceleration, /& denotes the total injection length
of the wetting liquid, a denotes the inclination angle, K
denotes the phase permeability of wetting liquid, u denotes the
dynamic viscosity coefficient of wetting liquid, and ¢ stands for
time. The expression of the variable inclination angle model
is:
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Table 1. Specifications of capillary selected for the experiment.

Serial number Tube section length (mm)

Inner radius (mm) Angle of inclination (°)

1 20 (1%H 202y 203" 251 2502 2539 44 (1% 99 2Md) 44 (31
2 27 0.25 89
3 21 0.5 90

(b) (d)

Fig. 3. Velocity fields of imbibition in circular tube with » = 0.00025 m at different time. (a) r =0's, (b) t = 0.1667 s, (c) t =

0.3333 s, (d) £ = 0.5 s.

(d)

s D

Fig. 4. Velocity fields of imbibition in circular tube with » = 0.0005 m at different time. (a) r =0 s, (b) = 0.1667 s, (¢c) t =

0.33335,(d)t =05 s.

where 1 < j <i, j™ represents the inclination angle of the
7 tube section, i denotes the order of tube section where the
water-gas interface is located, k denotes the counting variable,
and Ay is the length of the k™ tube section.

The above expression is the differential equation of & with
respect to ¢, which can be solved numerically by the Euler
method. The water level rising in the capillary leads to the
decrease in the water level in the glass tank and further
affects the actual increase in imbibition length. The water
uptake model in fractures (Wang et al., 2021) is adopted. The
correction coefficient relates to the capillary cross-sectional
area of the water source area exposed to the atmosphere. The
net length and width of the glass tank in this experiment are 0.4
m and 0.2 m, respectively. Thus, the water source area exposed
to the atmosphere is 0.08 m?. The values of the remaining
parameters are the dynamic viscosity coefficient of water at
1.010x 1073 Pa-s, the density of water at 0.998x10° kg/m?,
the phase permeability in the tube at 72/8, the surface tension
of water-air interface at 25x 1073 N/m, and the gravitational
acceleration at 9.8 m/s>. The inclination angle and wetting

angle can be obtained from the experimental photographs. The
initial velocity of water can be measured by PIV. A series
of data on the length and velocity of water injection in the
capillary can be obtained by numerical simulation.

4. Modification of the model

In the experiment, the velocity fields of water in two
straight circular tubes with r = 0.25 mm and r = 0.5 mm
at different times are obtained through PIV measurement, as
shown in Figs. 3 and 4. The time interval between adjacent
velocity fields is 1/6 s. The capillary phenomenon is not
obvious and the velocity field is difficult to be obtained
accurately in a circular tube with variable inclination angle. It
is found that there is almost no difference between the results
of displacement and velocity by numerical simulation based
on different initial velocities. Therefore, regarding the value of
initial velocity as zero has no significant effect on the results.

The images collected in the imbibition process are shown
in Figs. 5-7. The time interval between adjacent images is 1/6
s, and the water in the capillary appears grey or bright white.
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Fig. 5. Images of imbibition in circular tube with variable inclination angle at different time. (a) t = 0 s, (b) # = 0.1667 s, (c)
t=03333s,(d)r=05s,(e)t =0.6667s, (f)r=0.8333s,(g)t=1s,(h)t=1.1667s, (1)t =13333s,(jt=15s, (k)¢

=1.6667 s, (1) t = 1.8333 s.

Table 2. Relationship between Tolman length and inner

radius.
Inner radius (mm) 2.5 025 0.5
Tolman length (mm) 11.0 -1.0 -43

From the images, the length of water injection in the capillary
as a function of time can be obtained.

In the numerical simulation, different values of Tolman
length are used to fit the experimental results; the values are
varied until the numerical simulation results are generally

consistent with the experimental results and the error is small,
and then the relevant value can be regarded as Tolman length.
After several numerical simulations, the values of Tolman
length of water imbibition in the three kinds of capillary
tubes are determined as 0.0110 m, —0.0010 m and —0.0043
m, respectively. The relationship between Tolman length and
inner radius is summarized in Table 2. It can be seen that
the Tolman length decreases first and then rises with the
increase in the radius of curvature of liquid-gas interface,
which changes from negative to positive. The numerical results
and experimental results are plotted in the same coordinate



88 Wang, J., et al. Capillarity, 2022, 5(5): 83-90

I

il

Fig. 6. Images of imbibition in circular tube with r = 0.00025 m at different time. (a) r =0 s, (b) = 0.1667 s, (c) t = 0.3333

s, (d)r=05s.

(b)
1 11

I

Fig. 7. Images of imbibition in circular tube with r = 0.0005 m at different time. (a) t = 0 s, (b) r = 0.1667 s, (c) t = 0.3333

s, (d)t =0.5s.

system, as shown in Figs. 8-10. It can be observed that the
Tolman length-based LW imbibition model can better describe
the imbibition processes under real conditions.

In the experiment, it is observed that imbibition does
not take place immediately as water contacts the capillary
tube bottom, and there is a shielding effect. Therefore, it is
meaningful to study the law of wetting liquid movement in
the capillary tube at the beginning of the imbibition stage.
In addition, an anomaly can be observed in a tube with a
constant radius: the water level rises to a small height and then
stagnates. Then, it continues to rise to the maximum height
and then stops again. The possible reason is that the physical
properties of the inner wall of the capillary, such as dynamic
contact angle, are not uniform or continuous, which leads to
a phenomenon that is different from the ideal model. In this

work, the initial moment is defined as the moment when the
water level stops at a small height and imbibition has just
begun, and the relevant data are drawn into the coordinate
system. A surface wave will be generated when the water
level rises in the glass tank and contacts the capillary tube,
resulting in the non-zero initial velocity or initial height of
the water involved in imbibition. The specific value needs
to be obtained more accurately and is used in the numerical
simulation algorithm as the initial condition. It can be seen
that is beneficial to improve the accuracy of experimental
observation and reduce the shadow caused by the capillary
rise of water source on the inner wall of glass tank.
According to the actual shape and position of the water
column, the corresponding position in the velocity field dia-
gram can be obtained to draw the overall movement velocity



Wang, J., et al. Capillarity, 2022, 5(5): 83-90 89

0.02
~ 0.018
& 0.016-
S
= 0.0144 ---Numerical calculation (corrected)
2 0.012- - Experimental measurement
g 0014 Numerical calculation (not corrected)
2 0.0081
g
= 0.006 S S N T FEL U L A
- -
2 0.004 e
s

2 0.0024/,

v

0 T T T
0.5 1 1.5 2 2.5 3
Time (s)

Fig. 8. Length-time data from the experiment and numerical
simulation of imbibition in a circular tube with variable
inclination angle.
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Fig. 9. Length-time data from the experiment and numerical
simulation of imbibition in a circular tube with r = 0.00025
m.

of the fluid. The velocity-time relationships of water in the
modified and classical LW imbibition model are calculated
by numerical simulation, and they are plotted in the same
coordinate system. The velocity-time image of the tube with
r = 0.00025 m is shown in Fig. 11.

It can be observed from Fig. 11 that the LW imbibi-
tion model modified by Tolman length can more accurately
describe the velocity-time relationship. As already observed
from Figs. 3 and 4, the flow rules of different parts of the
water column are considerably different. Therefore, different
methods to measure the overall velocity may lead to different
measurement errors. In addition, due to the refraction of the
circular tube to the laser, the velocity field diagram presents
some deviations. The uneven distribution of tracer particles
also impacts the accuracy of the velocity field diagram. The
measurement accuracy of the overall velocity of fluid can be
improved by selecting parameters that can better reflect the
overall law of fluid motion, reduce the refraction of glass tube
as well as make the distribution of tracer particles more even
in water.

5. Conclusions

In this work, the Tolman length in a specific circular tube is
measured through laboratory experiments. The LW imbibition
model is further improved by substituting Tolman length as a
parameter, so as to describe the imbibition processes more
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Fig. 10. Length-time data from the experiment and numerical
simulation of imbibition in a circular tube with r = 0.0005 m.
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Fig. 11. Velocity-time data from the experiment and numerical
simulation of imbibition in a circular tube with r = 0.00025
m.

accurately. The fluid-wall friction is also involved in the
resistance term of the modified LW imbibition model. The
main conclusions of this study are as follows:

1) Tolman length can be used as an effective parameter
of the modified LW imbibition model to improve the
model accuracy. The values of Tolman length under
different conditions can be approximately determined by
the imbibition experiments.

2) The experimental results show that Tolman length de-
creases first and then increases with the radius of curva-
ture of liquid-gas interface.

3) Compared to the classical model, the Tolman length-
based model performs better in describing the real im-
bibition process.
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