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a b s t r a c t

Dynamic imbibition, which is significantly affected by flow rate, plays an important role in the devel-
opment of tight oil. This study investigated the impact of flow rate on dynamic imbibition in fractured
tight sandstone cores via online nuclear magnetic resonance core-flooding experiments. The oil expul-
sion efficiency and capillary number of multiscale pores were quantitatively analyzed to elucidate the
influence of flow rate on the oil recovery during dynamic imbibition. The pores of the cores used were
divided into micropores (0.01e1.00 mm in diameter), mesopores (1.00e30.00 mm in diameter), and
macropores (30.00e400.00 mm in diameter) by matching the T2 spectrum and the mercury intrusion
data. The volume proportion of micropores was 52.0%, and that of macropores was 19.0%. The total oil
recovery of the core was found to reach 29.8% at the optimal flow rate of 0.1 mL/min. At the optimal flow
rate, the oil recovery of micropores reached 50.4%, followed by that of macropores (28.6%), and that of
mesopores was the lowest (15.8%). The oil expulsion efficiency, the capillary number, and the contri-
bution to total oil recovery of micropores significantly increased with the decrease in flow rate, while
those of macropores decreased. This was caused by the synergy of capillary force and displacement
pressure. During dynamic imbibition at a low flow rate, the oil in micropores was effectively expelled
driven by capillary force, and the effect of displacement pressure was weak, leading to large amounts of
remaining oil trapped in macropores. On the contrary, when the flow rate was too high, large amounts of
remaining oil would be trapped in micropores. Only at a moderate flow rate did the capillary force and
displacement pressure both have significant effects on oil expulsion, and the oil in different sized pores
was effectively expelled, thus generating a relatively high total oil recovery.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The demand for oil consumption has been increasing with the
development of society and the economy. The scale of tight oil re-
sources has reached 2e3 times more than that of conventional oil
and gas resources (Zou et al., 2012, 2015). The efficient develop-
ment of tight oil is crucial to ensuring the energy supply. In recent
years, it has gradually become a focused area of global attention (Li
et al., 2017). Tight reservoirs have a small pore scale, a high water
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injection pressure, and limited development methods. The high
flow resistance in tight sandstone results in the low natural pro-
ductivity of tight reservoirs (Meng et al., 2018). Hydraulic fracturing
is thus a necessary means for the development of tight oil reser-
voirs, in which different grades of natural fractures are usually
developed (Sun et al., 2019; Zhu et al., 2019). Hydraulic fracturing
can generate artificial fractures to connect natural fractures to form
a fracture system, thereby allowing the crude oil in the matrix to
flow to the fracture system and then be output from the oil well.
However, the tight sandstone matrix is characterized by low
permeability (usually less than 1mD) and a small pore size (usually
on the nanometer or micrometer scale), making it difficult to
displace the crude oil from the matrix to the fractures via con-
ventional water flooding (Meng et al., 2018). Due to the small pore
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diameter, the capillary force plays a significant role, and the imbi-
bition effect relying on the capillary force is significant for the
production of the matrix crude oil (Morrow and Mason, 2001).

Imbibition refers to the phenomenon in which the wetting-
phase liquid displaces the non-wetting-phase liquid via capillary
force during two-phase fluid displacement in porous media, which
has become an important replacement method for tight oil devel-
opment. Imbibition can be divided into static and dynamic imbi-
bition (Dou et al., 2021). Static imbibition refers to the situation in
which the extra-matrix fluid is in a static state. This process occurs
without external differential pressure, which is mainly affected by
the capillary force. Scholars have conducted extensive experi-
mental and theoretical research on the influence of static imbibi-
tion, and have established scaling imbibition models (Al-Attar,
2010; Babadagli, 2002; Civan and Rasmussen, 2003, 2005;
Hatiboglu and Babadagli, 2007; Meng et al., 2016; Tavassoli et al.,
2005; Wang et al., 2019; Yang et al., 2016; Yildiz et al., 2006). The
main influencing factors of static imbibition are the matrix
permeability, porosity, surface tension, wettability, boundary con-
ditions, fracture density, crude oil viscosity, and water saturation. In
addition, the imbibition recovery rate of tight sandstone is very low
without the addition of surfactants. Surfactants have an excellent
ability to reduce the oilewater interfacial tension and change the
wettability of the rock surface, which can reduce the adhesion of
the crude oil on the surface of the matrix pores and increase the
capillary force, thereby significantly improving the imbibition re-
covery rate (Adibhatla and Mohanty, 2008; Fallah Fini et al., 2012;
Kathel andMohanty, 2013; Meng et al., 2018; Sharma andMohanty,
2013; Sun et al., 2020; Wang et al., 2017; You et al., 2018).

However, during oil recovery, the fluids flow in the fractures and
the matrices, where additional displacement pressure complicates
the imbibition process (Wang et al., 2017). In contrast to static
imbibition, this is called dynamic imbibition. Previous studies have
explored the effects of wettability, oilewater interfacial tension,
fluid viscosity ratio, displacement pressure difference, flow rate,
and other factors on the recovery factor of dynamic imbibition (Dai
et al., 2019; Dou et al., 2021; Sun et al., 2020; Tangirala and Sheng,
2019; Wang et al., 2017, 2018; Yang et al., 2019). Previous research
has shown that the displacement flow rate has a substantial in-
fluence on the dynamic imbibition recovery factor (Dai et al., 2019;
Dou et al., 2021; Sun et al., 2020). However, limited by the exper-
imental research methods, the oilewater distribution characteris-
tics, the evolution laws, and the influence mechanisms in pores of
different scales during the dynamic imbibition process remain
unclear, which is not conducive to the understanding and optimi-
zation of the dynamic imbibition process.

There are generally two methods used for imbibition experi-
ments, namely traditional core simulation and nuclear magnetic
resonance (NMR). Traditional core simulation experiments, on
which most previous studies were based, are based on mass or
volume measurements (Al-Attar, 2010; Babadagli, 2002; Hatiboglu
and Babadagli, 2007; Meng et al., 2018; Tangirala and Sheng, 2019;
You et al., 2018). Although this method can reveal the influences of
different parameters on the imbibition effect, it cannot be used to
observe the internal structure of the core and the distribution of the
oil and water in the porous medium during the imbibition process.
Additionally, because the size of the tight sandstone core and the
crude oil mass or volume used for the experiment are very small,
the error of the experiment is undoubtedly increased. In recent
years, advanced NMR technology has been used to quantitatively
measure the hydrogen content in the pore fluids to characterize the
internal structure of the tight sandstone, the oil or water content in
pores of different sizes, and the evolution process (Cheng et al.,
2018, 2019; Jiang et al., 2018; Liu and Sheng, 2020; Umeobi et al.,
2021; Wang et al., 2018; Yang et al., 2019).
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The present study investigates the influence of the flow velocity
on dynamic imbibition. Via the use of online NMR core displace-
ment technology, the influences of the flow rate on the overall oil
recovery of the tight sandstone core and on the oil expulsion in
pores of different sizes were systematically investigated. Via the
calculation of the capillary number and the recovery factor ratio of
pores of different sizes, the mechanism of the influence of the flow
rate on the dynamic imbibition recovery is revealed. This study
contributes to the understanding and optimization of the dynamic
imbibition process.

2. Experimental

2.1. Materials

The water used was simulated formation brine, the components
of which are listed in Table 1. The oil used was simulated oil pre-
pared from dehydrated crude oil (Jimsar Block, Zhundong Oilfield,
China) and kerosene at a volume ratio of 1:4. The simulated oil had
a density of 0.82 g/cm3 and a viscosity of 1.59 mPa s at 80 �C. The
surfactant used in the experiment was amide sulfobetaine (ASB,
Connaught Industry, Shanghai, China), and the ASB solution was
prepared with simulated brine.

Core samples of the tight sandstone outcropwere collected from
the upper Shaxi Temple Formation of the Middle Jurassic in
Sichuan, China. The physical parameters of the core samples are
reported in Table 2.

2.2. Methods

2.2.1. Static imbibition experiment
The static imbibition device is shown in Fig. 1. The device was

composed of an imbibition bottle, a graduated glass tube (accuracy
±0.01 mL), and a silastic tube. After the core was placed in the
imbibition bottle, the imbibition agent was added through the
silastic tube.

The experimental process is as follows.

(1) The core was cut, cleaned, and dried at 110 �C for more than
48 h, and the dry weight m0 of the core was recorded.

(2) The core was saturated with oil by vacuuming and pressur-
ization. After the oil was saturated, the corewas placed in the
oil in a constant-temperature water bath at 80 �C for 24 h to
avoid the influence of thermal expansion on the saturated oil
content in the core pores.

(3) The core was then removed, the surface of the core was
wiped with oil-absorbing paper, the mass m1 of the core
saturated with oil was recorded, and the saturated oil
amount was calculated.

(4) The core was placed in an imbibition bottle, which was then
sealed with vaseline, and the surfactant solution was then
slowly injected into the imbibition bottle through a rubber
tube at a constant temperature of 80 �C until the core was
completely covered and the graduated glass tube was filled.

(5) After the rubber tube was sealed with a clip, the imbibition
bottle was placed in a constant-temperature water bath at
80 �C, the upper and lower scales of the oil phase in the
graduated glass tube were read at regular intervals, and the
imbibition oil volume Vo and recovery factor ER were calcu-
lated, as given by Eq. (1).

ER ¼
Vo � ro
m1 �m0

� 100%; (1)

where ER is the core imbibition recovery factor, %; Vo is the oil phase



Table 1
Ion concentration and salinity of the formation brine.

Ion concentration, mg/L Total salinity, mg/L

Naþ Kþ Ca2þ Mg2þ Cl� CO3
2‒ HCO3

�

9054.0 522.0 26.1 12.2 5880.0 271.1 14174.2 29776.2

Table 2
Key parameters of the core samples.

Sample No. Porosity, % Permeability, mm2 Diameter, mm Length, mm

S-1 14.7 0.32 25.12 31.17
S-2 14.7 0.32 25.12 30.64
S-3 14.7 0.32 25.12 31.24
S-4 15.4 0.35 25.11 31.05
S-5 15.4 0.35 25.11 30.66
S-6 15.4 0.35 25.11 30.43
S-7 15.3 0.31 25.13 31.58
D-1 15.5 0.33 25.02 100.24
D-2 15.3 0.30 25.05 100.16
D-3 14.8 0.32 25.11 100.11
D-4 15.2 0.34 25.08 100.17
D-5 15.3 0.31 25.06 100.20
P-1 15.1 0.30 25.03 50.02
P-2 15.1 0.30 25.03 50.11

Fig. 1. The static imbibition device.
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volume, mL; and ro is the simulated oil density, r0 ¼ 0:82 g/cm3.

2.2.2. Interfacial tension and contact angle measurements
The oilewater interfacial tension between the surfactant solu-

tion and simulated oil was measured using a rotating drop inter-
facial tensiometer (TX500C, CNG company, USA) at 80 �C. The
simulated formation brine was used to prepare the surfactant so-
lutions with different concentrations. The oilewater interfacial
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tension was calculated according to the equation provided in the
work of You et al. (2018).

The contact angle between the surfactant solution/oil droplet/
core were determined using a contact angle measuring instrument
(JC2000D1, Shanghai Zhongchen Digital Technic Apparatus Co., Ltd,
China) at 80 �C. The detailed experimental procedures and sche-
matics are provided in the work of Liu et al. (2019).

2.2.3. Online NMR dynamic imbibition experiment
The oil expulsion and evolution in pores of different sizes were

studied by an online NMR core displacement system (as shown in
Fig. 2). The system was composed of an MacroMR low-field NMR
detector (Suzhou Niumei Analytical Instrument Co., Ltd, China), a
nuclear magnetic analysis system (Suzhou Niumei Analytical In-
strument Co., Ltd, China), and a core displacement system. The
magnet was a permanent magnet with a magnetic field strength of
0.3±0.05 T. The main frequency of the instrument was 12.8 MHz,
and the diameter of the probe coil was 150 mm. The core
displacement system consisted of an ISCO pump, a constant-
temperature oil bath, a circulating pump, an intermediate vessel,
a core holder, and a pressure sensor. The core holder was made of a
non-magnetic material to eliminate the noise signal of the exper-
imental device. The fluid used for confining pressure and temper-
ature control was fluorine oil.

The experimental temperature was 80 �C, and the simulated
water was prepared with heavy water to shield the hydrogen signal
of the water phase. The tight sandstone outcrop core was cut into
four symmetrical pieces along the lateral and vertical directions.
Stainless steel sheets (0.5 mm) were sandwiched at the edges of
both sides of the fracture along the length direction to fix the width
of the main fracture. After the combination, it was placed in a core
holder to simulate the tight oil matrixefracture dual-medium flow
unit.

The experimental process is as follows.

(1) The surfactant solution prepared with sufficient heavy water
was added to an intermediate container, and the online NMR
core displacement systemwas connected according to Fig. 2.

(2) The core was cut and cleaned according to the design, it was
dried at 110 �C for more than 48 h, and the core was then
saturated with oil via vacuuming and pressurization.

(3) Epoxy resin glue was applied to seal both ends of the core,
and the cylindrical surface was sealed by the confining
pressure. This way, the exchange of oil and water would only
occur in the matrix near the fractures, and the influence of
boundary conditions was eliminated.

(4) The temperature of the gripper containing the rubber sleeve
was kept constant at 80 �C, and the T2 signal wasmeasured as
the base signal.

(5) The combined core was placed in the holder and kept stable
at 80 �C for 2 h. The T2 signal at this timewasmeasured as the
initial T2 spectrum of the matrix-fracture tight sandstone
core.

(6) The confining pressure of the gripper was maintained at
about 4.0 MPa, a constant temperature of 80 �C was set, and
the surfactant solution was injected at a specific rate to carry
out the dynamic imbibition process.



Fig. 2. The schematic diagram of the online NMR core displacement system.

Y.-F. Liu, C.-L. Dai, C.-W. Zou et al. Petroleum Science 19 (2022) 2895e2904
(7) The matrix-fracture tight sandstone core was scanned at a
specific time to obtain T2 signals at different times until they
were basically stable, which was regarded as the end of the
dynamic imbibition process.

(8) The base signal was subtracted from all T2 data to obtain T2
spectra at different times, and the mercury intrusion data
were matched to obtain the degree of oil phase production of
different pores, as given by Eq. (2) (Cheng et al., 2018; Dai
et al., 2019).

R¼A0 � At

A0
� 100%; (2)

where R is the oil recovery factor, %; A0 is the initial signal ampli-
tude; and At is the signal amplitude at a certain time.
Fig. 3. Changes of the oil recovery, oilewater interfacial tension and contact angle with
surfactant concentration.
3. Results and discussion

3.1. Static imbibition effect

Different concentrations of ASB surfactant solutions were pre-
pared using the simulated brine. The static imbibition effects using
surfactant solutions with different concentrations were studied, and
the changes of oilewater interfacial tension and rock surface
wettability were measured to explore the reasons for the change of
static imbibition recovery. The results of the ultimate oil recovery of
static imbibition, the oilewater interfacial tension, and the contact
angle between liquid/oil droplet/core surface are presented in Fig. 3.

With the increase in the concentration of the ASB surfactant, the
final oil recovery of static imbibitionwas found to first increase and
then decrease. The ultimate oil recovery reached the highest value
of about 23.2% when the surfactant concentration was about 0.15%.
This is because the amount of surfactant molecules adsorbed on the
surface of pores and the oilewater interface changed with the in-
crease in the surfactant concentration, which in turn changed the
pore surface wettability and the oilewater interfacial tension. As
shown in Fig. 3, the initial contact angle of oil droplet on the core
surface was 26.6�, indicating the core surface was lipophilic. With
the increase in surfactant concentration in brine, the contact angle
of oil droplet on the core surface gradually increased. When the
surfactant concentrationwas about 0.15%, the contact anglewas the
largest (135.2�), indicating that the core surface was reversed from
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lipophilic to hydrophilic, which was conducive to oil drainage by
imbibition. In addition, with the increase in the surfactant con-
centration, the oilewater interfacial tension first decreased and
then slightly increased. The interfacial tension reached the lowest
value of about 2.9� 10�2 mN/mwhen the surfactant concentration
was 0.05%. Although the effect in reducing the interfacial tension
was not optimal at the concentration of 0.15%, the interfacial ten-
sion value did not increase much as compared to that at the lowest
value, and was still on the order of 10�2 mN/m. Based on the above
discussion, it can be seen when the surfactant concentration was
0.15%, the pore surface wettability and the oilewater interfacial
tension value reached the optimal range. Thus, the difference be-
tween the capillary force (oil displacement power) and the adhe-
sionwork (oil displacement resistance) reached the maximum, and
the static imbibition achieved the highest ultimate oil recovery.
Therefore, considering the properties of static imbibition and the
ability to reduce the interfacial tension of different concentrations
of the ASB surfactant, the optimized ASB concentration for the
subsequent dynamic imbibition experiments was 0.15%.
3.2. Effect of the flow rate on the oil recovery of core during
dynamic imbibition

The sum of amplitudes in T2 spectrum is defined as the total oil



Fig. 5. The effect of the displacement flow rate on the dynamic imbibition recovery
factor.
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phase signal, which represents the oil amount in the core. Ac-
cording to the variation of total oil phase signal at different mo-
ments during dynamic imbibition process of the matrix-fracture
tight sandstone core, the oil recovery of the core during the dy-
namic imbibition process could be calculated by Eq. (2). Fig. 4a
presents the typical T2 spectra during the dynamic imbibition
process with a displacement flow rate of 0.1 mL/min. It can be seen
that with the progression of dynamic imbibition, the amplitudes in
T2 spectra gradually decreased, which means the oil was continu-
ously expelled from the core, indicating an increase in oil recovery.
Fig. 4b exhibits the variation in the total oil phase signal and the
corresponding oil recovery during the dynamic imbibition calcu-
lated based on Fig. 4a. With the progress in dynamic imbibition
process, the total oil phase signal gradually decreased because of
the continuous oil expulsion, and the corresponding oil recovery
gradually increased to about 30%.

Furthermore, with the assistance of online NMR, the T2 spectra
of the series of dynamic imbibition experiments under different
displacement flow rates were obtained. Via the method described
previously, the dynamic imbibition recovery factors of the tight
sandstone matrix-fracture cores under different displacement flow
rates were calculated. The core samples numbered D-1 to D-5 were
used for the dynamic imbibition NMR tests using a 0.15% ASB sur-
factant solution prepared in the heavy water, and the injection rate
gradients were set as 0.4, 0.2, 0.1, 0.05, and 0.02 mL/min. Fig. 5
exhibits the results of the ultimate dynamic imbibition recovery
of the tight sandstone cores under different displacement flow
rates.

As shown in Fig. 5, with the decrease in the displacement flow
rate, the dynamic imbibition oil recovery first increased obviously
and then decreased. When the displacement flow rate was mod-
erate (about 0.1 mL/min), the dynamic imbibition oil recovery
reached the maximum, and increased from 15.1% (under the high
flow rate of 0.4mL/min) to 29.8%. Therefore, the flow velocity in the
fracture should be controlled to achieve the best dynamic imbibi-
tion oil recovery; a too-low or too-high displacement flow velocity
is not conducive to the optimal total recovery.

To determine the reasons for these results, it was necessary to
study the effect of the displacement flow rate on the oil expulsion
characteristics of different-sized pores. Therefore, the subsequent
experiments relied on the NMR T2 spectrum to divide the pore
scale, and the influence of the displacement flow rate of the dy-
namic imbibition process on the oil expulsion efficiency in pores of
different scales was investigated.
Fig. 4. (a) Typical T2 spectra and (b) oil recovery during the
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3.3. Oil expulsion in pores of different sizes

To quantitatively analyze the oil expulsion characteristics of
pores of different sizes, it was necessary to divide the pores into
different scales. By matching the T2 spectrum and the mercury
intrusion data, the range of pores of different scales was divided.
The oil recovery factors of the pores of different scales were then
calculated according to Eq. (2) via the change in the amplitude of
the spectral curve.

The conversion relationship between the relaxation time T2 and
the pore diameter when the pores are saturated with the oil phase
is given by Eq. (3) (Lowden et al., 1998).

d¼ CT2; (3)

where T2 is the relaxation time, ms; C is the conversion coefficient,
mm/ms; and d is the pore diameter, mm.

A tight sandstone core was cut into two cylindrical cores
(numbered P-1 and P-2). Core sample P-1 was used for the mercury
intrusion test, and core sample P-2 was saturated with oil for the
NMR test. The obtained T2 spectrumwasmatchedwith themercury
intrusion data, as shown in Fig. 6. To calculate the conversion co-
efficient between the pore diameter and the relaxation time, five
typical pore points of different scales were selected in thematching
dynamic imbibition process of the matrix-fracture core.
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map of the T2 spectrum and the mercury intrusion data, and the
conversion coefficient was calculated, as reported in Table 3. The
mean value of the calculation results at the representative points
was used for the conversion coefficient, which was 0.558 mm/ms.

After the conversion factor was obtained, the amplitude-
relaxation time curve of the T2 spectra during the dynamic imbi-
bition process was converted into the amplitude-pore diameter
curve. Fig. 7 presents the amplitude�pore diameter curve obtained
by the conversion factor for the typical dynamic imbibition process
at the displacement flow rate of 0.1 mL/min.

Fig. 7 shows that during the dynamic imbibition process, the
signal amplitudes of both the micropores and macropores were
significantly reduced, indicating that the oil in the small and large
pores was effectively discharged during the dynamic imbibition
process. This is because the capillary force of the small pores was
large, the wetting phase (water phase) tended to enter the small
pores, and the oil in the small pores was displaced into the meso-
pores or macropores, thereby reducing the amount of oil in the
small pores. Macropores are larger and have lower seepage resis-
tance. Under the action of the displacement pressure during the
dynamic imbibition, the oil phase could also be effectively dis-
charged due to the lower seepage resistance. On the other hand, the
capillary force and displacement pressure difference in the meso-
pores were not dominant, and it was difficult for water to enter the
mesopores to displace the oil. The mesopores were mainly used as
oil expulsion channels for micropores and macropores, and the
change in the amount of oil in the mesopores was not obvious. This
analysis reveals that during dynamic imbibition, the oil was mainly
produced from the macropores and micropores, and the contribu-
tion of the mesopores to the total oil recovery was relatively low. In
addition, there is a “lift” at the end of the curve, which is because
the oil phase in the matrix entered the fracture after being dis-
charged, which manifested as an oil phase signal in the fracture.

After obtaining the amplitude�pore size diagram of the dy-
namic imbibition process, the matrix pores were divided into
different scale ranges according to the signal peaks: 0.01e1.00 mm is
defined as micropores, 1.00e30.00 mm is defined as mesopores, and
30.00e400.00 mm is defined as macropores. Via the conversion
coefficient C (0.558 mm/ms), the relaxation time range in the T2
spectra corresponding to pores with different scale ranges was
obtained (Table 4).

Via the changes in the oil phase signal amplitude within
different pore scale ranges (or the corresponding T2 spectral
relaxation time ranges), the oil recovery changes in pores of
different sizes during the dynamic imbibitionwere calculated using
Fig. 6. The matching of the T2 spectrum with the mercury intrusion data.
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Eq. (2). The results are presented in Fig. 8.
In the early stage of dynamic imbibition, the oil recovery factors

of the micropores and macropores both increased significantly,
while that of the mesopores remained basically unchanged. This
was caused by the combined effect of the capillary force and
displacement pressure during dynamic imbibition. The capillary
force in the micropores was large, and the wetting phase (water
phase) preferentially entered the micropores to displace the oil. For
the macropores, due to the low seepage resistance, the water phase
more easily entered the pores under the displacement pressure,
and the oil in macropores was displaced. However, the mesopores,
which were not dominant in the capillary force and the seepage
capacity, were mainly used as the oil flow channels. The oil in the
micropores and macropores was displaced in the fractures through
the mesopores. In the initial stage, the amount of oil entering the
mesopores was basically equal to the amount of oil expelled,
resulting in the basically unchanged oil recovery of the mesopores.
With the progression of the dynamic imbibition, the oil expulsion
rate in the micropores and macropores decreased, while the oil in
the mesopores was continuously discharged and carried by the
fluid flow in the fractures. Therefore, the oil expulsion from the
mesopores exceeded the oil entry amount, thereby resulting in an
increase in the oil recovery of the mesopores. In addition, during
the dynamic imbibition, the oil recovery in the mesopores and
macropores decreased at a certain time, which may be because the
oil phase in the small pores was displaced to the mesopores or
macropores via imbibition. This increased the amount of oil in the
mesopores or macropores at a certain stage, resulting in fluctua-
tions in their oil recovery. Based on the final oil recovery results of
pores with different scales, during the typical dynamic imbibition
process at the optimal flow rate of 0.1 mL/min, the oil recovery of
the micropores was the highest (50.4%), followed by that of the
macropores (28.6%), and that of the mesopores was the lowest
(15.8%).

3.4. Mechanism of the influence of the flow rate on the dynamic
imbibition oil recovery

The oil recovery of different-sized pores during dynamic imbi-
bition at different displacement flow rates was determined via the
method discussed previously using a series of T2 spectra measured
at different flow rates. The final oil recovery for typical pore sizes
(0.5, 2.0, 19.5, 51.9 mm) of dynamic imbibition at different flow rates
are shown in Fig. 9.

It can be seen from Fig. 9 that with the decrease in the
displacement rate, the oil recovery of the small pores (0.5 mm)
increased obviously, while that of the large pores (51.9 mm)
decreased obviously. For the mesoscale pores (2.0 and 19.5 mm), the
oil recovery exhibited no significant change. These results indicate
that the flow rate variation of dynamic imbibition mainly affected
the oil expulsion characteristics of large and small pores. Addi-
tionally, the oil expulsion characteristics of the micropores and
macropores were the key factors affecting the total oil recovery of
the core sample during dynamic imbibition. Therefore, the subse-
quent discussion of the influence mechanism primarily focuses on
the micropores and macropores.

Fig. 10 presents the effect of the flow rate on the oil recovery of
the micropores (<1.0 mm), the oil recovery of the macropores
(>30.0 mm), and the total oil recovery of the tight sandstone core.

With the decrease in the flow rate, the oil recovery of the mi-
cropores increased significantly, that of the macropores decreased
significantly, and the total oil recovery exhibited an obvious in-
crease followed by a slight decrease. The total oil recovery
increased from 15.1% at the flow rate of 0.4 mL/min to the highest
value of 29.8% at the flow rate of 0.1 mL/min. Thus, a high



Table 3
The calculation of the conversion factor.

Serial number Relaxation time T2, ms Pore diameter d, mm Conversion factor C, mm/ms

1 0.40 0.27 0.675
2 1.49 0.94 0.631
3 4.42 2.57 0.581
4 67.11 32.12 0.479
5 307.74 130.33 0.424
Average value 0.558

Fig. 7. The amplitude�pore size curve of dynamic imbibition at the flow rate of 0.1 mL/
min.

Table 4
The pore size classification.

Pore type Pore diameter, mm Corresponding relaxation time, ms

Micropores 0.01e1.00 0.02e1.79
Mesopores 1.00e30.00 1.79e53.76
Macropores 30.00e400.00 53.76e716.85

Fig. 8. The variation of the oil recovery with the dynamic imbibition time in pores of
different sizes.

Fig. 9. The oil recovery for typical pore sizes of dynamic imbibition at different flow
rates.

Fig. 10. The dynamic imbibition oil recovery at different displacement flow rates.
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displacement flow rate could only increase the oil expulsion rate
(the T2 spectra quickly reached a stable state), and was not
conducive to the improvement of the total oil recovery.

The capillary number reflects the relationship between the
driving force and resistance in the two-phase displacement pro-
cess. To quantitatively characterize and explore the oil expulsion
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mechanisms of different pores during dynamic imbibition at
different flow rates, the capillary numbers of the micropores and
macropores were determined by Eq. (4).

Nc ¼mv

s
; (4)

where Nc is the capillary number; m is the displacement fluid vis-
cosity, Pa s; s is the oilewater interfacial tension, N/m; and v is the
displacement rate in the pores, m/s. The displacement rate (v),
which is equal to the oil expulsion rate in the pores, can be calcu-
lated by the volume method, as given by Eqs. (5)e(7).

R� Pv ¼ Vo ¼ v� t � S; (5)



Table 5
The oil recovery, capillary number, and recovery ratio of dynamic imbibition at different flow rates.

Flow rate, mL/min Micropores (<1.0 mm) Macropores (>30.0 mm) Recovery ratio Total oil recovery, %

Oil recovery, % Capillary number, � 10�6 Oil recovery, % Capillary number, � 10�6

0.4 13.7 4.43 37.5 12.1 0.9 15.1
0.2 33.2 9.11 31.7 8.63 3.0 21.5
0.1 50.4 10.3 28.6 7.85 4.8 29.8
0.05 56.4 14.0 20.1 4.04 8.5 28.3
0.02 61.8 18.4 11.6 2.13 16.2 23.7
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where R is the oil recovery, %; Pv is the pore volume, m3; Vo is the
volume of oil produced, m3; t is the timewith the amplitude change
in the T2 spectra, s; and S is the oil expulsion area of different pores
on the fracture surface, m2.

The calculation of the capillary number of micropores is taken as
an example.

Rs � Vcore � f� 4s ¼ Vos ¼ vs � t � Ss; (6)

Ss ¼ 2� Sf � f� 4s; (7)

where Rs is the oil recovery of the micropores, %; Vcore is the core
volume, m3; f is the porosity of the core sample, %; and 4s is the
volume ratio of micropores to the total pores in the core, %, which
Fig. 11. The schematic diagram of the synergistic mechanism of the displacement pressure
matrix-fracture flow unit; (b) Oil expulsion at a high flow rate; (c) Final state of dynamic im
dynamic imbibition at a moderate flow rate; (f) Oil expulsion at a low flow rate; (g) Final
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can be obtained frommercury intrusion testing; additionally, Vos is
the amount of oil expelled from the micropores, m3; vs is the
displacement rate in the micropores, m/s; t is the time with the
amplitude change in the T2 spectra, s; Ss is the area of micropores on
the fracture surface, m2; and Sf is the area of the fracture surface,
m2.

Additionally, to quantitatively characterize the contribution of
oil expulsion in different pores to the total oil recovery, the recovery
ratio (g) is defined and calculated by Eq. (8):

g¼ RsVs

RbVb
¼ Rs4s

Rb4b
; (8)

where g is the recovery ratio of micropores to macropores; Rb is the
oil recovery of the macropores, %; and 4b is the volume ratio of the
difference and the capillary force during the dynamic imbibition. (a) Initial state of the
bibition at a high flow rate; (d) Oil expulsion at a moderate flow rate; (e) Final state of
state of dynamic imbibition at a low flow rate.
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macropores to the total pores in the core, %. It follows from the
mercury intrusion data that the volume ratio of micropores was
about 52.0%, and the volume ratio of macropores was about 19.0%.

Table 5 reports the calculation results of the oil recovery and
capillary numbers of the micropores and macropores, and the re-
covery ratios of the micropores to the macropores for dynamic
imbibition at different flow rates.

The results in Table 5 indicate that as the flow rate decreased,
the oil recovery and capillary number of the micropores increased,
while those of the macropores decreased. With the decrease in the
flow rate to 0.2 mL/min, the capillary number of the micropores
began to exceed that of the macropores. Moreover, the recovery
ratio of the micropores to the macropores increased obviously with
the decrease in the flow rate. These results indicate that the oil
expulsion efficiency and the contribution of the micropores to the
total oil recovery significantly increased with the decrease in the
flow rate. This is because the dynamic imbibition process occurred
under the synergy of the capillary force and displacement force.
When the flow rate decreased, the capillary number of the micro-
pores increased, which means the dynamic imbibition was mainly
driven by the capillary force in the micropores. When the flow rate
increased, the capillary number of themacropores increased, which
means the effect of the displacement pressure in the macropores
played an increasingly important role in the dynamic imbibition
process. This in turn increased the oil recovery of the macropores,
and the recovery ratio of the micropores to the macropores
decreased.

Based on the preceding discussion, the mechanism of the in-
fluence of the flow rate on the oil recovery of dynamic imbibition
can be explained by the combined action of the capillary force and
the displacement pressure during the dynamic imbibition process,
as shown in Fig. 11. At a high flow rate, the oil in the macropores
was effectively expelled driven by displacement pressure (Pd).
Moreover, due to the connectivity and seepage in the porous media,
the oil expulsion driven by the capillary force (Pc) in the micropores
was inhibited. At this time, large amounts of remaining oil were
trapped in the micropores and the mesopores, as shown in Fig. 11b
and c. This indicates that the capillary number and oil recovery of
the macropores were higher than those of the micropores and the
mesopores at a high flow rate, as reported in Table 5. Similarly,
when the flow rate was low, the oil expulsion driven by Pc in the
micropores was obvious, and the effect of Pd was weak. At this time,
large amounts of remaining oil were trapped in themacropores and
the mesopores, as shown in Fig. 11f and g. Because the volume
proportion of the micropores was the highest (52.0%) for the cores
used in this study, the total oil recovery of dynamic imbibition at a
low flow ratewas higher than that at a high flow rate. However, due
to the difficulty of oil expulsion in the macropores and the meso-
pores, the total oil recovery remained unable to achieve the optimal
value. Only at a moderate flow rate did Pc and Pd both have sig-
nificant effects on oil expulsion, and the oil in different sized pores
was effectively expelled, as shown in Fig. 11d and e. This resulted in
the highest ultimate total oil recovery of dynamic imbibition.

4. Conclusions

(1) With the increase in the displacement flow rate, the oil re-
covery of dynamic imbibition has a maximum value at a
specific flow rate. In this study, the optimal flow rate for
dynamic imbibition was 0.1 mL/min, and the oil recovery
increased from23.2% during static imbibition to 29.8% during
dynamic imbibition at the optimal flow rate.

(2) During dynamic imbibition at the optimal displacement rate
(0.1 mL/min), the oil recovery of the micropores
(0.01e1.00 mm in diameter) was the highest (50.4%), followed
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by that of the macropores (30.00e400.00 mm in diameter) of
28.6%, and that of the mesopores (1.00e30.00 mm in diam-
eter) was the lowest (15.8%).

(3) The oil expulsion efficiency and the contribution to total oil
recovery of the micropores were found to significantly in-
crease with the decrease in the flow rate, while the opposite
was true for the macropores.

(4) During dynamic imbibition at a low flow rate, the oil in the
micropores was effectively expelled driven by capillary force,
and the effect of displacement pressure was weak, leading to
large amounts of remaining oil trapped in the macropores.
On the contrary, when the flow rate was too high, large
amounts of remaining oil would be trapped in the micro-
pores. Only at a moderate flow rate did the capillary force
and displacement pressure both have significant effects on
oil expulsion, and the oil in different sized pores was effec-
tively expelled, thus generating a relatively high total oil
recovery.
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