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Abstract: Spontaneous imbibition of water into tight oil reservoirs is considered an effective way
to improve tight oil recovery. We have combined testing techniques such as nuclear magnetic
resonance, mercury injection capillary pressure, and magnetic resonance imaging to reveal the
distribution characteristics of oil and water during the spontaneous imbibition process of tight
sandstone reservoir. The experimental results were used to describe the dynamic process of
oil–water distribution at the microscopic scale. The water phase is absorbed into the core sample
by micropores and mesopores under capillary forces that dry away the original oil phase into the
hydraulically connected macropores. The oil phase entering the macropores will drive away the oil
in place and expel the original oil from the macropores. The results of magnetic resonance imaging
clearly show that the remaining oil accumulates in the central region of the core because a large
amount of water is absorbed in the late stage of spontaneous imbibition, and the water in the pores
gradually connects to form a “water shield” that blocks the flow of the oil phase. We propose the
spontaneous imbibition pathway, which can effectively explain the internal mechanisms controlling
the spontaneous imbibition rate. The surface of the core tends to form many spontaneous imbibition
pathways, so the rate of spontaneous imbibition is fast. The deep core does not easily form many
spontaneous imbibition pathways, so the rate of spontaneous imbibition is slow. This paper reveals
the pore characteristics and distribution of oil and water during the spontaneous imbibition process,
which is of significance for the efficient development of tight oil.

Keywords: tight oil reservoir; spontaneous imbibition; nuclear magnetic resonance; pore scale; oil
and water distribution

1. Introduction

In recent years, tight oil has become a hot research topic in the petroleum industry [1–4].
Horizontal drilling and multi-stage hydraulic fracturing are the key technologies for exploiting the
tight oil to enable economic production [5–7]. However, the production of tight oil is rapidly decreasing,
and the elasticity recovery efficiency is low [8]. Spontaneous imbibition (SI) of water into a tight oil
reservoir is considered an effective way to improve tight oil recovery [9–11]. Thus, it is necessary to
conduct in-depth research on SI.

The SI mechanisms involve a complex interaction between capillary [12], gravity [13], viscous
forces [14], and wettability [15]. Many experimental studies on SI have been reported in the literature.
Brownscombe and Dyes [16] found that water can enter the matrix of rocks to displace the oil because
of capillary force. Aronofsky and Jenkins [17] established an empirical model of oil displacement
efficiency and SI time. Dehghanpour et al. [18] reported that water adsorption by clay minerals is
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an additional driving force for water SI. Makhanov et al. [19] demonstrated that the SI rate in a tight
oil reservoir would depend on fluid and shale properties, fracture-matrix interface, and soaking
time. Yildiz et al. [20] investigated the effects of shape factor, characteristic length, and boundary
conditions on the rate of SI. Because of the invisible nature of the core, previous studies on SI measured
macroscopic parameters such as oil saturation, oil output, and electrical resistivity to speculate the
microscopic process of imbibition. The distribution, interaction, and variation of oil and water in
tight rock are the key mechanisms that improve the recovery of tight oil by SI. The true distribution
of fluid in the core and mechanism of SI cannot be understood by using typical methods; therefore,
visualization of the fluid distribution inside the core has become an important direction for SI research.

Nuclear magnetic resonance (NMR) has potential applications for non-destructively detecting fluid
distribution in the core sample. At present, NMR technology has been widely used in medical diagnosis,
petroleum exploration and development, agriculture, food, and other fields, with non-destructive
testing, sample reusability, and fast detection speed [21–23]. NMR technology is an advanced method
for the analysis and detection of porous media, including porosity [24,25], pore-size distribution [26],
permeability [27], oil–water saturation [28], wettability [29], and degree of isotropy [30]. NMR has
been used for many experimental studies, involving crack identification [31], pore distribution [32],
and internal rock structure [33]. Recently, NMR technology has been used to study the SI mechanisms.
In that research, the ranges for pore classification into micro, meso, and macro based on the guidelines
proposed by the International Union of Pure and Applied Chemistry (IUPAC), which defines the radius
ranges of macropores, mesopores, and micropores as >50 nm, 2–50 nm, and <2 nm, respectively [34].
Zhou et al. [35] studied the influencing factors of SI, including rock size, rock properties, fluid properties,
wettability, initial oil saturation, and boundary condition, by combining NMR and conventional SI
experiments. Lai et al. [36] demonstrated that the water is first imbibed into micropores and small
mesopores, and variations in the T2 spectrum are principally reflected in the T2 stage when the relaxation
time is ≥10 ms. Wang et al. [37] reported oil contribution from micropores up to 53.34%, and that
permeability of 0.1 mD is a critical point at which the oil contribution of mesopores surpasses that
of micropores.

Previous studies indicate an important mechanism of SI that can be expressed as water absorbed
into micropores and mesopores and oil expelled in macropores, however, the dynamic distribution
characteristics of oil and water in the whole SI process have not been described. Previous studies also
did not visually characterize the distribution of oil and water in the SI process. Moreover, previous
studies show that the SI rate can be divided into two stages, but the internal mechanism is not
well revealed.

Therefore, the main aim of this study is to investigate the characteristics of oil and water
distributions in the SI process for tight oil reservoirs at the pore-scale level, as shown in Figure 1.
We conducted imbibition experiments with NMR testing to achieve this end. First, we combine the
NMR and mercury injection capillary pressure (MICP) to investigate the characteristics of oil and
water distributions in the SI process for tight oil reservoirs at the pore-scale level. Then, we use
magnetic resonance imaging (MRI) technology and pseudo-color maps to visualize the distribution
and evolution characteristics of oil and water in the SI process. At last, we try to propose a new concept
termed “spontaneous imbibition pathway” to reveal the essential cause of the rate of SI.
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Figure 1. The sketch of oil and water distribution in SI process.

2. Experiments

2.1. Materials

Materials used in the SI experiments include core samples, simulated oil, and simulated formation
water. The core samples were collected from the Yu Zuizi area of Yanchang oil field of the Triassic,
Ordos Basin, China. Cores were drilled with a core-milling machine (QT5625, Huaxing Petroleum
Instrument Co., Ltd., Nantong, China) to generate long cores with a diameter of 2.521 cm. Then, the core
samples were cleaned in an automatic oil washing instrument (HXY-IV, Beijing Lytd Technology
Co., Ltd., Beijing, China) for 10 days with a 3:1 volume ration of toluene–ethanol solution. After
cleaning, the core samples were dried in an oven (YSL-DHS-225, Haian Petroleum Instrument Co.,
Ltd., Haian, China) at 100 ◦C for 48 h followed by a 24-h period of cooling to room temperature
(26 ◦C). Finally, the petrophysical properties including diameter, length, porosity, and permeability
were measured. We chose four cores with similar petrophysical properties, displayed in Table 1,
for experimental research.

Table 1. Petrophysical properties of core samples.

Sample No. Length (cm) Diameter (cm) Porosity (%) Permeability (10−3µm2) Pore Volume (cm3)

I01 5.353 2.521 9.94 0.0761 2.655
I02 5.441 2.521 8.81 0.0644 2.391
I03 5.454 2.521 7.56 0.0621 2.057
I04 5.278 2.521 8.42 0.0682 2.217

The simulated oil is a 1:4 volume ration mixture of degassed crude oil from the Yu Zuizi area
and kerosene. At room temperature (26 ◦C), the viscosity is 2.13 mPa·s and density is 0.81 g/cm3.
The simulated formation water was prepared in the laboratory to emulate water that was co-produced
from the well where cores were collected. The properties of simulated formation water are indicated in
Table 2. The prepared simulated formation water was divided into two parts. One of them was added
with MnCl2 to a concentration of 40% to shield the hydrogen signal from the simulated formation
water. Before experiments, the simulated formation water is filtered through a membrane filter with
0.45 µm pore sizes.

Table 2. Properties of simulated formation water.

pH
Cation (mg/L) Anion (mg/L) Total Salinity

(mg/L)
Water
TypeK+ Na+ Ca2+ Mg2+ Ba2+ Sr2+ HCO3

− Cl−

7.31 2643 2711 241 42 55 61 313 8641 14,707 CaCl2
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2.2. Experimental Setup

The major experimental setups include Amott cells, NMR spectrometer, and an improved
imbibition cell based on weighing method. Amott cells (Ambient temperature amott cell, Vindum
Engineering Inc., Sandpoint, AK, USA) are used for one of the imbibition tests. The NMR spectrometer
is produced by Shanghai Niumag Analytical Instrument Co., Ltd. The magnetic field strength is
0.52 ± 0.05 T, and the resonance frequency of the hydrogen proton is 21.3 MHz. Because tight
rocks have low imbibition rates and experimental results can easily influence ambient conditions,
an improved imbibition cell is developed by China University of Petroleum (Beijing) [38] that fully
considers the characteristics of long imbibition time and high measurement accuracy for SI tests of
tight core. The other devices used in this study include a core milling machine, core cleaner, oven, core
measurement system, analytical electronic balance, Vernier caliper, and glassware.

2.3. Experimental Procedures

The experimental procedures are as follows:

(1) Prepare short core samples, I01, I02, I03, and I04, with a length of 2.521 cm for SI experiments.
(2) Clean, dry, and measure the petrophysical properties, shown in Table 1, of the short core samples.
(3) Evacuate the four cores in a sealed container and saturate them with simulated oil. Then, place

the core in the core holder and inject 20 pore volumes of simulated oil into the core at a constant
injection rate of 0.005 mL/min to ensure these cores are fully saturated with simulated oil.

(4) Remove core from the core holder and age in simulated oil for 48 h to restore the native wettability.
(5) Remove cores from the simulated oil, carefully wipe the simulated oil from the core surface.

Conduct SI tests using cores I02, I03, and I04 using the improved imbibition cell and simulated
formation water without MnCl2.

(6) Place core I01 in the NMR apparatus for testing its transverse relaxation time (T2) spectrum in
the state of saturated oil. Put the core I01 into Amott cell so that it is immersed in simulated
formation water with MnCl2. Because it is inconvenient to frequently remove core I01 for NMR
tests, the Amott cell is used in this test instead of the improved imbibition cell.

(7) Measure the T2 spectrum (core I01) at different time intervals, such as 1 h, 4 h and 10 h, using
NMR. Collect MRI of the core at the same times.

(8) Clean and dry the core I01 after the SI experiment is completed. Perform MICP to obtain the
pore size.

3. Experimental Analysis Fundamental Theory

3.1. NMR Theory

In the NMR test, T2 is used to characterize the relaxation characteristics of fluids in rock pores.
T2 can be expressed by the following equation [39]:

1
T2

=
1

T2B
+

1
T2S

+
1

T2D
(1)

where T2 is the fluid transverse relaxation time (ms), T2B is the volume relaxation time (ms), T2S is the
surface relaxation time (ms), and T2D is the diffusion relaxation time (ms). The volume relaxation and
surface relaxation of fluids with longer intrinsic relaxation times (such as water and light oil) can be
neglected, and the fluid is dominated by diffusion relaxation in the pores. Therefore, Equation (1) can
be simplified as [40]:

1
T2

= ρ2
S
V

(2)

where ρ2 is the relaxation rate (µm/ms), depending on pore surface properties, mineral composition,
and fluid properties, and S/V is the pore-specific surface (1/µm).
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3.2. Relationship Between T2 Spectrum and Pore Throat Radius

The relationship between the pore specific surface (S/V) and the pore radius (r) can be
expressed as:

S
V

=
FS
r

(3)

where r is the pore radius, in microns, and Fs is the dimensionless pore shape factor.
Combining Equations (2) and (3) shows that:

T2 = Cr (4)

where C is the coefficient, which is defined as

C =
1

ρ2FS
(5)

For a core, both the relaxation rate and the pore shape factor can be considered constant, so C is
also a constant. Therefore, the pore–radius distribution can be calculated from the T2 spectrum and
MICP results by determining C. Detailed radius calculation steps were previously described in the
literature [41].

4. Results and Discussions

4.1. Pore Radius Distribution

Equation (4) shows that C is a key parameter for establishing the relationship between the
transverse relaxation time (T2) and pore radius (r). According to the method mentioned in the
literature [31], C can be obtained by fitting MICP data (Core I01). As shown in Figure 2, when C = 40,
a best fit is obtained. Combining C and T2 spectrum, the pore–radius distribution, shown in Figure 3,
is obtained. The relationship between T2, pore radius, and pore type is shown in Table 3 following the
methods of Lai et al. [36] and Liu et al. [42].
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Figure 3. Pore radius distribution.

Table 3. Relationship between T2, pore radius, and pore type.

T2 Relaxation Time, ms Pore Radius, µm Pore Type

T2 ≤ 10 Pore radius ≤ 0.26 Micropore
10 < T2 ≤ 100 0.26 < Pore radius ≤ 2.56 Mesopore

T2 > 100 Pore radius > 2.56 Macropore

4.2. NMR Results

The T2 spectrums were performed at different time intervals throughout the SI process and are
illustrated in Figure 4. The T2 spectrum shows the change of the oil phase content in the core at
different times of SI because the hydrogen signal of the water phase is shielded by MnCl2. Oil phase
saturation in the core, Figure 4, is lower as higher SI time.
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Figure 4. Measured NMR response at different imbibition times for core sample I01.

We used the ration of the envelope area of the T2 spectrum to quantitatively characterize the
dynamic change of oil and water in pores during the SI process [43]. The T2 spectrum at 20 h of SI
and the T2 spectrum at the initial time are shown in Figure 5 as examples. The red section reflects
the remaining oil distribution in pores, and the blue section reflects the water distribution in pores.
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The oil saturation (SO) and water saturation (Sw) in different pore types are calculated based on the
red section area (Ared) and blue section area (Ablue) with the following equation:

SO =
Ared

Ared + Ablue
× 100% (6)

Sw =
Ablue

Ared + Ablue
× 100% (7)
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Figure 5. Schematic diagram for analyzing the oil and water distributions in pores.

The oil saturation and water saturation of the three pore types (macropores, mesopores, and
micropores) were calculated using Equations (6) and (7), and the results are shown in Figure 6. The oil
saturation in the micropores was reduced by 30.42%, the oil saturation in the mesopores was reduced
by 32.82%, and the oil saturation in the macropores was only reduced by 13.49%. These results indicate
that oil in the mesopores and micropores substantially decreases, and the oil in the macropores slightly
decreases. The water saturation in the micropores was increased by 18.9%, the oil saturation in the
mesopores was increased by 8.88%, and the oil saturation in the macropores was increased by 1.46%.
The results indicate that the water saturation in the mesopores and micropores gradually increases,
and the water saturation slightly increases in the macropores.
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Figure 6. Oil and water saturation in various pore types over an 80-h experimental period: (a) oil
saturation; (b) water saturation.

The mechanism of oil and water saturation change in various pore types are illustrated in Figure 7.
Before the SI test, the three pore types were saturated with oil. Water can be absorbed into the
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micropores and mesopores by capillary forces. The water will drive away its original saturated oil,
which will enter large pores that are hydraulically connected. The oil from micropores and mesopores
will drive away the oil in the macropores, causing the original saturated oil in the macropores to
escape the core. Apparently, the macropores continuously drain oil, and the micropores and mesopores
continuously compensate by absorbing oil lost from the macropores.
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4.3. MRI Results

MRI and image reconstruction of the NMR signals were used to image the SI process of the core,
as seen in Figure 8.
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Figure 8. MRI process.

Figure 9 shows a series of images at representative times that can be used to visualize the oil
and water distribution inside the core during the SI process. The color scale changes from blue to
red, indicating that the oil saturation gradually increases. The first image (t = 0 h) shows the initial
oil distribution, fully saturated, in the core sample before SI. However, there are some pores that
are not fully saturated with oil because of the boundary layer in micro- and nano-throats of tight
sandstone oil reservoirs [44]. At later SI times, more water is absorbed into the core sample, resulting
in a gradual decrease in oil saturation and an imbibition front (IF), shown in Figure 9. At later SI times,
the IF moves deeper into the core. An IF in the A direction has advantages because counter-current
imbibition does not easily occur in the B direction. As shown in Figure 10, the B direction is the
bottom end of the core during the infiltration experiment. For counter-current imbibition, the capillary
pressure (P1) produced by interfaces in the pore space is the driving force, and the buoyancy (Fb)
caused by the oil and water density difference is the resistance force. The buoyancy is the resistance of
counter-current imbibition for the bottom surface of the core (B direction), so the bottom surface of
the core is not prone to counter-current imbibition. The last image (t = 80 h) shows that the remaining
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oil is concentrated in the middle of the core at the end of the SI test. This is because more water was
absorbed into the core sample, and the water-bearing pores are gradually connected to form a “water
shield”. This phenomenon results in extra viscous resistance and reduced cross-sectional area for flow
of each fluid. As the imbibition progresses, the water shield becomes thicker, so that the connected
throats are blocked by the water shield, and the remaining oil cannot flow through these blocked
throats because of the capillary pressure. Then the remaining oil was trapped in the center of the core.
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4.4. Spontaneous Imbibition Pathway

Figure 11 shows the relationship between oil recovery and SI time for core samples I02, I03, and
I04. Oil recovery curves are divided into two stages with the first stage being called “fast SI”. SI rates
maintain a high value in the first 800 min of the fast SI. SI rates slow down after 800 min in the second
“slow SI” stage.

We propose a concept of spontaneous imbibition pathway (SIP) to explain this phenomenon.
Figure 12 shows the mechanism of the SIP controlling the SI process. Pores on the surface of the core
can be divided into three types, including water-absorbed pore, oil-expelled pore, and dead pore.
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The water-absorbed pores provide a channel for water entering the core. The oil-expelled pores provide
a passage for oil drained out from the core. The dead pores are the pores that do not participate in SI.
We define the pore space connecting the water-absorbed pores and oil-expelled pore as the SIP. If there
is a macropore on the surface of the core, but this pore is not connected with a micro or mesopore,
the oil in the macropore cannot be expelled by SI. In other words, the premise that SI can occur is the
presence of a SIP. In general, short-path SIPs are easily formed; therefore, the surface layer of the core
forms many SIPs in the initial stage of the SI and leads to a rapid SI rate. If the oil in the deep core is to
be expelled by SI, it is necessary to form a long-path SIP. Because of the complexity of the core pore
structure and oil–water distribution, long-path SIP do not readily form, resulting in a decrease in the
rate of SI. As the SI time is extended, the remaining oil is concentrated in the center of the core. This
is because of a large amount of water being absorbed into the core, creating the water shield effect.
The water shield affects the formation of the SIP. If the SIP cannot be formed, then the oil in the central
region of the core cannot be expelled by SI.
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5. Conclusions

Spontaneous imbibition experiments and NMR measurements were performed. The following
conclusions are made:
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• The water absorbed into the micropores and mesopores will drive away their original saturated
oil, which will enter the large pores hydraulic communication and cause the original saturated oil
in the macro pores to escape the core.

• MRI results can effectively demonstrate the distribution of oil and water during the SI process.
The development of the SI front can be seen by performing NMI on different stages of SI. MRI
results clearly show that the remaining oil accumulates in the central region of the core because
a large amount of water is absorbed in the late stage of SI, and the water in the pores gradually
connects to form a water shield that blocks the flow of the oil phase.

• We propose a new concept termed spontaneous imbibition pathway, which is the essential cause
of the rate of SI. The surface of the core tends to form many SIPs, so the rate of SI is fast. The deep
core does not easily form many SIPs, so the rate of SI is slow. Although the SIP theory we proposed
can explain the reason for the rate of SI. However, the formation mechanism and quantitative
calculation of the SIP have not been studied, which is the focus of our next research.

• The advantage of NMR technology is that it can be visualized for SI. However, it needs to combine
the Amott cell. The whole research process needs to take out and put the core sample from the
Amott cell multiple times, so that will cause experimental errors. How to combine the Amott cell
and NMR to form an integrated device is the next development direction.
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