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Tight oil reservoirs are characterized by a low porosity, low permeability, and strong heterogeneity. The macropores, throats, and
microcracks in reservoirs are the main seepage channels, which affect the seepage law in the reservoirs. In particular, oil-water
two-phase flow in different types of pores requires further study. In this study, two groups of online NMR displacement
experiments were designed to study the seepage characteristics of tight oil reservoirs. It was found that the main seepage
channels for oil-water two-phase flow are the microcracks, large pores, and throats in the reservoir. The large pores are mainly
micron and submicron scale in size. The oil in the small pores is only transferred to the large pores through imbibition to
participate in the flow, and there is no two-phase flow. Based on the influence of different pore structures on the seepage law
of a tight reservoir, the pores were divided into seepage zones, and a multistage seepage model for tight reservoirs was
established. Based on this model, the effects of the imbibition, stress sensitivity, threshold pressure gradient, and Jamin effect
on model’s yield were studied. The results show that imbibition is no longer effective after a while. Owing to the stress
sensitivity, the threshold pressure gradient, and the Jamin effect, oil production will be reduced. As the parameter value
increases, the oil production decreases. The production decreases rapidly in the early stage of mining while decreases slowly in
the later stage, exhibiting a trend of high yield in the early stage and stable yield in the later stage.

1. Introduction

With the development of the petroleum industry, conven-
tional oil and gas resources are gradually being depleted,
and the recoverable amount of unconventional oil and gas
resources is gradually increasing [1]. In particular, since
the twenty-first century, the successful exploitation of shale
gas in the United States has stimulated the exploration of
unconventional oil and gas resources in countries around
the world [2, 3]. Among them, tight oil reserves are abun-
dant, and tight oil has developed into one of the important
alternative energy sources for conventional oil. Therefore,

the study of tight oil reservoirs has become a hot research
topic, and the seepage channels and seepage laws of tight
reservoirs have become necessary factors for understanding
tight reservoirs. Numerous scholars have found that micro-
cracks are widely developed in tight oil reservoirs. When
microcracks appear in the matrix, the seepage capacity of
the reservoir is greatly improved [4–6]. Microcracks refer
to cracks with widths of less than 10μm and aspect ratios
of greater than 10 [7]. Owing to the low porosity and low
permeability characteristics of tight reservoirs, the capillary
force also plays an important role in the fluid flow process
and is a nonnegligible factor influencing seepage. At present,
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the definition of the capillary force in oil and gas reservoirs is
relatively uniform. When two immiscible fluids flow in a
capillary, one phase is usually dispersed in the other phase
as a plunger. The fluid forms many crescent-shaped inter-
faces in the region of two-phase flow, and the pressure on
both sides of the interface is not equal. The pressure differ-
ence is defined as the capillary force [8]. Therefore, it is of
great significance to study the seepage law under the influ-
ence of microcracks and the capillary force in tight oil
reservoirs.

The microcracks and capillary force are two key factors
that affect the effective development of reservoirs. Micro-
cracks are the main seepage channels in tight reservoirs [9,
10], which are driven by the production pressure difference.
They can directly transport oil into the large fractures, which
has a continuous impact on the productivity of the oil wells
and can increase production. However, as reservoir’s perme-
ability increases, this promotion effect will slow down [11,
12]. The capillary force is mainly manifested as imbibition
and the Jamin effect in tight oil reservoirs. In imbibition,
the capillary force acts as a local motive force to replace the
oil that cannot be controlled by the microcracks and pores.
In the Jamin effect, the capillary force acts as a seepage resis-
tance and increases the difficulty of tight oil recovery [13–16].
Based on this, many experts and scholars have studied the
seepage law of tight oil reservoirs under the influence of
microcracks. Hu et al. [17] proposed a semianalytical model
for predicting the two-phase productivity of cracked hori-
zontal wells. In their model, the effects of the microcracks
and capillary force were considered. They found that micro-
cracks can improve reservoir’s permeability and lead to a
substantial increase in production. In their model, capillary
pressure is beneficial to oil production. The dynamic capil-
lary pressure caused by water saturation is always less than
the static capillary pressure, and the dynamic effect is only
obvious in the initial production stage. Zhu et al. [5] studied
the microcrack characteristics of the tight sandstone in the
Ordos Basin. Their results revealed that the existence of
microcracks greatly increases the permeability of the reser-
voir and enhances the heterogeneity of the reservoir. The
pressure curve obtained from mercury injection experiments
is significantly affected. Therefore, a quantitative microcrack
identification standard was established based on the capillary
pressure curve. Li et al. [18] studied the microseepage and
crack effectiveness of tight sandstone using the digital core
method. Their results revealed that cracks have a great influ-
ence on the microseepage law of tight reservoirs. Yang et al.
[19] used the nuclear magnetic resonance (NMR) T2 spec-
trum to monitor the oil migration dynamics in tight oil reser-
voirs. Their results demonstrated that the small pores have a
larger capillary pressure and stronger imbibition ability, and
the small pores have a more effective oil recovery rate than
the large pores. Compared with the matrix pores, the flow
resistance in natural microcracks is smaller, which is more
conducive to the flow of water and oil. Gu et al. [20] studied
the microscopic influence mechanism of the permeability of
tight reservoirs on the efficiency of imbibition oil recovery
through spontaneous imbibition simulation, combined with
nuclear magnetic resonance and computed tomography

(CT) analysis. Their research results revealed that spontane-
ous imbibition displacement of the matrix plays a vital role in
the water injection development of tight sandstone reser-
voirs. The degree of spontaneous imbibition recovery from
experimental core samples reached 5.24–18.23%, and the
greater the permeability of the matrix, the higher the sponta-
neous imbibition recovery degree.

At present, research on the seepage law of tight reser-
voirs has mainly focused on the influence of a certain type
of pore, and no systematic combination of pores at all levels
has been studied. The fluid flow in the actual reservoir is the
result of the interactions between various pores. In this
study, based on previous studies, two groups of online
NMR experiments on water flooding and gas flooding were
conducted using cores with different degrees of microcrack
development, and the seepage law of a tight oil reservoir
containing microcracks was studied. Based on this, the pore
structures of tight oil reservoirs were graded according to
their seepage characteristics, and a corresponding model
was established. According to the characteristics of the
model, a mathematical model was established to predict
the energy parameters of the area where the cracks are not
affected by cracking. In this paper, a multistage seepage
model is established according to the seepage characteristics
of tight reservoirs and the pore structure, which makes up
for the deficiency of the previous classification of reservoirs
only according to the pore structure, and provides a new
research idea for the subsequent study of the seepage of tight
reservoirs.

2. Experiment

To study the seepage law of tight oil reservoirs containing
microcracks and to verify the multistage seepage model,
two groups of online NMR experiments were conducted in
this study. One group of experiments focused on the online
NMR imbibition of water flooding, and the other group
focused on the online NMR of gas flooding.

2.1. Experimental Materials. Eight outcrop cores (25mm in
diameter and 50mm in length) from the Chang 8 tight sand-
stone reservoir in the Huanxian area of the Ordos Basin
were used. The basic core data are shown in Table 1. The
Ordos Basin is the most important oil-producing basin in
China and is also the main distribution area of tight sand-
stone reservoirs. The Triassic Chang 8 reservoir is mainly
composed of underwater distributary channel sedimentary
sand, with a large thickness and stable distribution, and it
is the main oil-bearing series in the study area.

The eight cores used in the experiments were matrix
cores, of which cores 1–4 were similar samples and cores 5–
8 were similar samples. The microcracks in cores 1–4 and
cores 5–8, which had different degrees of development, were
produced using the triaxial stress shear fracture method for
the two groups of online NMR experiments. The experimen-
tal flow chart of the core crack-making method is shown in
Figure 1. During the crack-making process, firstly, a small
axial pressure is loaded first to fix the core position, and then,
load a fixed confining pressure, and it will always remain
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unchanged; secondly, set a suitable gas drive pressure to test
the gas flow rate at the outlet end of the core holder to calcu-
late the real-time permeability of the core; thirdly, set the
axial pressure from 0 to 5MPa, to 10MPa, to 15MPa, etc.,
until the gas permeability growth rate increases rapidly. The
degree of microcracks was evaluated using the rate of change
of the real-time permeability. A large number of microcracks
were generated at the inflection point of the permeability,
and cores with a certain degree of microcrack development
were obtained by controlling the size of the axial pressure
loading [21]. The core data after the crack-making process
are presented in Table 1.

2.2. Experimental Process. The flow pattern in a tight oil res-
ervoir containing microcracks was studied through two sets
of online NMR experiments. The flow chart of the two
experiments is shown in Figure 2. Experimental equipment
consists of three parts: pressure system, online NMR testing
system, and flow velocity testing system. The specific exper-
imental steps are as follows.

The first set of water flooding experiments:

(1) Cores 1–4 were dried at 90°C for 24h, vacuumed for
24 h, and saturated with kerosene

(2) The airtightness of the device shown in Figure 2(a)
was checked, and the core was placed in the experi-
mental equipment after the inspection was conducted

(3) The core holder was emptied, and the confining
pressure was set to 10MPa to record the NMR sig-
nal. Manganese water with a manganese ion concen-
tration of 8000 ppm was used for the displacement.
The displacement pressure was set to 8MPa, and
the backpressure was set to 3MPa

(4) When the outlet began to produce water, the valves
at the inlet and outlet were quickly closed, and the
nuclear magnetic signal was recorded. After 12 h,
the nuclear magnetic signal was recorded, and the
valves at the inlet and outlet were opened. The dis-
placement in step (3) was restored until the oil pro-
duction at the outlet was no longer stopped, and
the nuclear magnetic signal was recorded

(5) At the end of the experiment, the data were processed

The second set of gas flooding experiments:

(1) Cores 5–8 were dried at 90°C for 24 h, vacuumed for
24h, and saturated with kerosene

Table 1: Basic properties of cores.

Core number Length/cm Diameter/cm Porosity/% Initial permeability/mD Growth rate of crack permeability/%

1 7.88 2.5 12.54 0.82 8.94

2 7.91 2.5 13.02 0.91 27.18

3 7.91 2.5 12.78 0.10 35.03

4 7.94 2.5 13.12 1.24 62.87

5 7.88 2.51 10.24 0.39 9.17

6 7.88 2.53 10.68 0.42 14.17

7 7.91 2.53 10.85 0.45 23.92

8 7.84 2.52 1096 0.54 33.77
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Figure 1: Flowchart of the experimental design of crack creation [21].
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(2) The airtightness of the device shown in Figure 2(b)
was checked, and the core was placed in the experi-
mental equipment after the inspection

(3) The core holder was emptied, and the confining pres-
sure was set to 10MPa to record the NMR signal. N2
was used for the displacement. The displacement pres-
sure was set to 1MPa, and the backpressure was set to
0.5MPa

(4) The nuclear magnetic signal was recorded when
bubbles began to appear at the outlet. After a period
of gas flooding, the outlet no longer produced oil. At
this time, the NMR signal was recorded, the inlet and
outlet valves were closed, and the NMR signal was
recorded after 12 hours. The inlet and outlet valves
were opened, the displacement in step (3) was
restored until the outlet no longer produced oil and
the experiment ended, and the NMR signal was
recorded

(5) At the end of the experiment, the data were processed

3. Experimental Results and Discussion

The theoretical basis of nuclear magnetic resonance (NMR)
analysis is that the hydrogen nuclear 1H contained in oil and
water will excite different NMR signals in different relaxa-
tion times when encountering a specific frequency of the
magnetic field. In the experiment, we often pay attention
to the lateral relaxation time, which has a one-to-one corre-
spondence with the pore radius [22]. According to the theo-

retical analysis of NMR, the NMR T2 spectrum of rock
saturated single-phase fluid can reflect its internal pore
structure. The atomic transverse relaxation time of a single
channel of saturated water in a uniform magnetic field can
be approximately expressed as [23]:

1
T2

= ρ2
S
V
, ð1Þ

where T2 is transverse relaxation time (ms). ρ2 is transverse
surface relaxation strength, depending on pore surface prop-
erties and mineral composition and saturated fluid proper-
ties (μm/ms). S/V is the specific surface of a single pore
(μm2/μm3).

By analyzing the amplitude and transverse relaxation
time of the NMR signal, we can obtain the information of
rock pore structure and fluid content in pore space.

3.1. Online NMR Water Flooding Oil Experiments. Figure 3
shows the T2 curves of cores 1–4 during four different dis-
placement stages of the water flooding process. The four
stages are the completion of oil saturation, water-oil dis-
placement, imbibition, and water-oil displacement after
imbibition. As can be seen from the saturated oil curve and
water flooding curve, after the first water flooding stage, the
space for pore reduction was mainly the larger pores on the
right side, and the smaller pores on the left side were not
used, indicating that during the water flooding process, the
effective seepage channels are the large pores and micro-
cracks. As can be seen from the curve after water flooding
and the curve after soaking, the left NMR T2 signal
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(a) Flow chart of water drive oil experiment
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Figure 2: Flow chart of online NMR experiment.
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decreased, and the right NMR T2 signal increased after soak-
ing, indicating that the imbibition effect was significant. The
oil in the small holes was replaced by that in the large holes,
making it difficult to displace the oil in the small holes. By
observing the two displacement processes before and after
the occurrence of imbibition, it was found that the change
in the oil in the small holes was small, indicating that during
the displacement process, the main channel of oil-water two-
phase flowwas the large holes, and the change in the oil in the
small holes during the two processes was mainly the amount
of imbibition during the displacement process.

Figure 4 shows the variation in the oil content in the
pores during the different displacement stages. In the pore
size classification, NMR relaxation times of 5ms, 10ms,
and 100ms were used to divide the nanopores, micro-nano-
pores, submicron pores, and micron pores [16, 24]. It can be
seen from the diagram that the quantity of the nanopores
and micro-nanopores indicated by the signal decreased from
the water flooding to the imbibition stages. The number of
nanopores in cores 1–4 indicated by the signal decreased
by 40%, 36%, 45%, and 19%, respectively, and the number
of micro-nanopores indicated by the signal decreased by
25%, 5%, 25%, and 39%, respectively. In cores 1–4, the num-

ber of micron pores indicated by the signal increased by
17%, 11%, 27%, and 28%, respectively, demonstrating that
the imbibition mainly involved transferring the oil in the
nanopores and micro-nanopores into the micron pores,
and imbibition production accounted for 6.8%, 5.0%,
11.3%, and 11.0% of the initial oil content, respectively. In
cores 1 and 2, the imbibition mainly transferred the oil in
the <100nm pores into the macropores. The oil content of
the submicron pores increased by less than 1% and 1.3%,
respectively. In cores 3 and 4, the oil in the <1000 nm pores
was transferred to the large pores. At this time, the oil
content of the submicron pores decreased by 1.4% and
5.3%, respectively. Because the imbibition occurred under
the action of a capillary force, the degree of microcrack
development in cores 3 and 4 was high, and there were many
submicron pores connected by microcracks, resulting in the
oil in the submicron pores being transferred to the micro-
cracks. If only two displacement processes, i.e., before and
after imbibition, are considered, the change in the oil content
mainly occurred in the micron pores, indicating that the two-
phase flow of the water flooding oil mainly occurred in the
larger pores such as the micron pores, and there was no
two-phase flow in the nanopores and micro-nanopores.
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Figure 3: Comparison of the T2 curves of the water flooding oil in different displacement stages.
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3.2. Online NMR Gas Driven Oil Experiments. Figure 5
shows the T2 curves of the five different displacement stages
during gas flooding for cores 5–8. The five stages are oil sat-

uration, the appearance of bubbles in the gas flooding oil, no
oil production of gas flooding oil, well soaking, and no oil
production after well soaking. It can be seen from the
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diagram that during the two gas flooding processes, the left
NMR T2 signal remained unchanged, while the right NMR
T2 signal decreased more in the first gas flooding and less
in the second gas flooding, indicating that during the two
gas flooding processes, the oil in the small pores was not
used, and there was no imbibition during the well soaking
stage. The main seepage channels of the fluid during the
displacement process were the large pores and microcracks.
The slight change in the NMR T2 signal in the middle and
right side of the well before and after the soaking was caused
by the gas is in the middle position of the pores during the
gas displacement process, which resulted in the instability
of the oil film thickness carried by the nitrogen flow and
the redistribution during the soaking process. This resulted
in a change in the signal of the crude oil in the larger and
middle pores. As the microcrack development increased,
the change in the signal before and after soaking gradually
decreased. This indicates that the more microcracks, the
shorter the time to reach equilibrium and stability during
the gas flooding process and the smaller the change in the
signal after soaking.

Figure 6 shows the variation in the oil content of the
pores during the different gas driven stages. It can be seen

from the diagram that the degree of the utilization of the
nanopores and micro-nanopores in the four cores was very
low throughout the entire experiment. In cores 5–8, it was
<4%, <2%, 2–6%, and <5%, respectively. The degree of utili-
zation of the micron pores in cores 5–8 was 76%, 68%, 70%,
and 60%, respectively. The degree of utilization of the sub-
micron pores in cores 5–8 was 39%, 33%, 35%, and 23%,
respectively. This shows that the main seepage channels of
the fluid during the gas flooding were the large pores and
microcracks. There was almost no change in the residual
oil signal in the various pores before and after soaking, indi-
cating that no imbibition occurred.

3.3. Comparison of the Two Sets of Displacement
Experiments. Figure 7 shows the variation in the residual
oil saturation during the different stages of water flooding
and gas flooding under different flooding conditions. It can
be seen from the water flooding process that the residual
oil saturation after the first water flooding was 85%, and
after the second water flooding and after soaking, the resid-
ual oil saturation decreased to 70%, indicating that the
permeability had a large impact on the oil recovery during
water flooding. As the microcrack development increased,
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Figure 5: Comparison of the T2 curves from the gas-driven oil experiments during the different displacement stages.
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the final recovery rate initially increased and then decreased.
This is because with the increase of the degree of microcrack
development, the fluid flowability increases, and the recov-
ery rate increases. When the microcrack is too developed,
the fluid will flow in tandem, resulting in reduced recovery.
From the gas flooding process, it was found that after the
first gas flooding stage, the remaining oil saturation of core
8 was 75%, and the remaining oil saturation of cores 5–7
was 70%. After the second displacement during the well
soaking, the remaining oil saturation of core 8 decreased
slightly, and the remaining oil saturation of cores 6–8
decreased by 2–5%. This shows that the effect of well soaking

on recovery is low, and the higher the degree of microcrack
development, the lower the ultimate recovery. This is
because gas channeling occurs in the process of gas flooding.
The higher the development degree of microcracks is, the
more serious the gas channeling is, resulting in lower oil
production.

4. Establishing the Model

In a tight reservoir without artificial modification, the micro-
cracks mainly connect the intergranular pores and intragra-
nular pores to form seepage channels. Figure 8 shows second
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and third beam argon ion etching polished focused ion
beam-scanning electron microscope (FIB-SEM) images of
the tight sandstone of the Chang 7 reservoir. As can be seen
from the images, the microcracks are continuous, the inter-
granular pores are isolated, and the microcracks connect
the intergranular pores and other pores.

Figure 9 shows the rock sample nano-CT profile. It can
be seen in the diagram that owing to the dense nature of
the rock, the connecting channels between the original inter-
granular pores are also filled. In some of the pores, the orig-
inal intergranular pores cannot be connected and must be
connected through microcracks. Therefore, the microcracks

and the large pores connected by them are the main effective
channels for seepage in tight reservoirs.

4.1. Conceptual Model. It can be seen from Figures 8 and 9
that microcracks and large pores are the bridges connecting
various parts of the tight reservoir and are the main seepage
channels. This is also the basis of understanding the concept
of multistage seepage in the tight reservoir. According to the
above experimental results, the main seepage channels in
tight reservoirs are the microcracks and the large pores they
connect, whose size is mainly >100nm, which is the main
location of oil-water two-phase flow. There is no two-

Saturated oil Water-oil
displacement

Imbibition Water-oil 
displacement

after imbibition

0.95

1.00

1.05

Displacment process

2
3
4

1
6
7
8

5

Water-oil displacement

0.65

0.70

0.75

0.80

0.85

0.90

Re
sid

ua
l o

il 
sa

tu
ra

tio
n 

/ %

Saturated
oil

Bubbles No oil
production

Killing
well

Displacement 
after killing

well

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

1.05

Re
sid

ua
l o

il 
sa

tu
ra

tio
n 

/ %

Displacement process

Gas-driving-oil

Figure 7: Diagrams showing the residual oil saturation in different states under two displacement modes.

(a) (b)

(c) (d)

Figure 8: Three-beam argon ion etching polished FIB-SEM images.

9Geofluids



phase flow in the small pores (<100 nm). The main reason
for this is that oil is replaced by imbibition [25]. Owing to
the pore-scale effect, the production of tight reservoirs is a
complex crossscale process: from the unreformed area to
the area affected by the hydraulic fractures to the hydraulic
cracks and finally to the wellbore [26–29]. The main
research object of this study was an unreformed tight oil res-
ervoir (Figure 10). According to the seepage characteristics
of tight reservoirs, the influences of the different size pores
on seepage were classified into grades. In this study, a con-
ceptual model of multistage seepage in tight reservoirs is
proposed. This model mainly applies to the matrix seepage
area that is not affected by fracturing cracks. This area is
generally far away from the artificial cracks, and it differs
from the seepage law of large cracks. The specific surface
areas in this region are large, and the viscosity is high. The
model is shown in Figure 11. The following assumptions
are made in this model.

(1) The model divides the pores in the reservoir into
three grades according to their flow size: primary
pores, secondary pores, and tertiary pores. Among
them, the primary pores mainly refer to the micro-
cracks in the reservoir and the large pores connected
by them, and their main size is >100 nm. The sec-

ondary pores are 50–100 nm. The tertiary pores are
<50nm nanopores

(2) During water injection development, owing to the
small pore space represented by the secondary pores
and tertiary pores, these two types of pores are only
involved in the oil-water absorption process, that is,
the water driven oil flow only occurs in the primary
pores. The primary pores include the macropores,
throats, and microcracks

(3) In the water injection development of tight reser-
voirs, the oil is displaced from the small pores and
transferred to the large pores through imbibition,
and thus, it can participate in the oil-water flow.
The displaced oil exists in the water in the form of
a dispersed phase, resulting in two-phase interfacial
resistance. The Jamin effect caused by the multi-
interface phenomenon is the main resistance in the
water injection development process, and the resis-
tance gradient is also far greater than the threshold
pressure gradient

In this model, the flow of oil and water is divided into
two parts: the imbibition displacement process and the oil
and water two-phase flow process in the primary pores.

Figure 9: Nano CT profile of the Chang 7 reservoir rock samples.

Horizontal well

Hydraulic fractures Elliptical seepage zone

Unreformed area

Figure 10: Schematic diagram of the seepage zoning of tight reservoirs.
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During the imbibition process, the capillary force acts as a
local force to transfer the oil from the secondary and ter-
tiary pores to the primary pores and provides the power
needed for it to participate in the oil-water two-phase
flow [30].

In the primary pores, the Jamin effect caused by the
multi-interface flow greatly increases the difficulty of water
injection development. Based on this model, the water flood-
ing process can be subdivided into the following processes:
(1) the displacement process occurs in the first stage pores.
The oil saturation in the first stage pores decreases, and the
water saturation increases. (2) The oil-water displacement
process occurs between the primary pores and the secondary
pores. The oil saturation in the first-stage pores increases,
and the oil saturation in the second-stage pores decreases.
(3) The oil-water displacement occurs between the second-
stage pores and the tertiary pores. The oil saturation in the
second-stage pores increases, and the oil saturation in the
third-stage pores decreases. (4) The displacement in the first
stage pores removes the increased crude oil. Through the
above cycle, the displacement of the low permeability tight
crude oil is realized.

4.2. Mathematical Model. In this section, based on the above
conceptual multistage seepage model from tight reservoirs, a
mathematical total productivity prediction model consider-
ing imbibition is established. The mathematical model
derived in this paper is based on the conceptual model of
multistage seepage law in tight reservoirs. Considering the
influence of seepage classification, it is considered that oil-
water two-phase flow occurs only in primary pores, and other
pores participate in fluid flow through imbibition. In this

paper, the calculation is carried out by considering the char-
acteristics of microcracks in the flow.

4.2.1. Imbibition Model. Imbibition occurs under the action
of the capillary force, which cannot be ignored in tight reser-
voirs [31]. In the imbibition process, the capillary force sup-
plies the power to replace the oil in the secondary and
tertiary pores with the water in the primary pores [32]. This
process is shown in Figure 12. The capillary force can be
expressed as

Fc =
2σ cos θ

r
πr2 = 2πσr cos θ, ð2Þ

where Fc is the capillary force (N). σ is the interfacial tension
between the oil and water (N/m). r is the capillary radius
(m). θ is the contact angle. The viscous resistance of the oil
and water in the capillary is expressed as follows:

f = 2πrxτw + 2πr L − xð Þτo, ð3Þ

τw = −
4μw
r

vw, ð4Þ

τo = −
4μo
r

vo, ð5Þ

where f is the viscous resistance (N). x is the distance
between the two-phase contact surface and the beginning
of the capillary (m). τw and τo are the shear stress of water
and oil (N/m2). L is the total distance of infiltration (m).
According to Newton’s second law, the force analysis of fluid
in the capillary tube can be obtained:

Fc + f =ma⇔ 2πσr cos θ − 8π xμw + L − xð Þμoð Þ dx
dt

=m
d2x

dt2
:

ð6Þ

Since the inertial force term in Equation (6) is relatively
small, by ignoring the second-order derivative term in Equa-
tion (6), we can obtain

σr cos θ − 4 xμw + L − xð Þμoð Þ dx
dt

= 0: ð7Þ
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Figure 11: Conceptual model of multistage seepage in tight
reservoir.
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Figure 12: Schematic diagram of imbibition in the multistage
seepage process.
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By solving Equation (7), x can be expressed as

x =
2μoL −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 μoLð Þ2 − 2 μo − μwð Þσr cos θt

q
2 μo − μwð Þ : ð8Þ

Therefore, the oil yield of a single capillary can be
expressed as

q = πr2x = πr2
2μoL −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 μoLð Þ2 − 2 μo − μwð Þr cos θt

q
2 μo − μwð Þ : ð9Þ

To obtain the oil production of all of the capillary tubes
during imbibition, we assume that the pore size of the capil-
lary tubes obeys a Gaussian distribution:

f rð Þ = 1ffiffiffiffiffiffi
2π

p
f1

exp −
r − f2ð Þ2
2f12

 !
, ð10Þ

ðrmax

rmin

f rð Þ = 1, ð11Þ

where f ðrÞ is the distribution function of the capillary aper-
ture, f1 is the standard deviation, and f2 is the average
distribution.

The relationship between the total capillary number and
the pore size distribution function can be expressed as

dN = f rð ÞNdr ð12Þ

where N is the total number of capillaries.
The total pore volume can be expressed as

Vp =
ðrmax

rmin

πr2LdN = πLN
ðrmax

rmin

f rð Þr2dr, ð13Þ

Vp = π R2 − xf
2� �
hϕ, ð14Þ

where R is the outer boundary radius of the infiltration
region (m). xf is the inner boundary radius (half-length of
the crack) of the imbibition region (m). h is the thickness
of the infiltration area (m). ф is the porosity of the infiltra-
tion area (%).

By solving Equation (13) and Equation (14), we can
obtain

N =
R2 − xf

2� �
hϕ

L/
ffiffiffiffiffiffi
2π

p
f1

� �Ð rmax
rmin

r2 exp − r − f2ð Þ2/2f12
� �� �

dr
: ð15Þ

Therefore, the oil production absorbed into the fluid
flow channel under the influence of the capillary force is

4.2.2. Productivity Prediction Model for Primary Pores. In the
primary pores of tight reservoirs, owing to the existence of
microcracks and throats, factors such as the stress sensitivity,
threshold pressure gradient, and the Jamin effect need to be
considered in the model [18]. The stress sensitivity can be
expressed as [33]

K = Kie
−αk Pi−Pð Þ, ð17Þ

where αk is the stress sensitivity coefficient (MPa−1). Pi is the
initial reservoir pressure (MPa). P is the reservoir pressure
(MPa). Ki is the initial permeability of the reservoir.

The two-phase flow motion equation considering the
stress sensitivity, threshold pressure gradient, and Jamin
effect is as follows:

dP
dr

− λo − Pcj =
μo
Kro

· vo
Kie

−αk Pi−Pð Þ , ð18Þ

dP
dr

− λw − Pcj =
μw
Krw

· vw
Kie

−αk Pi−Pð Þ , ð19Þ

where r is the distance between the formation and the bot-
tom hole (m). λo is the oil phase threshold pressure gradient
(MPa/m). Pcj is Jamin resistance (MPa/m). μo is the oil vis-
cosity (mPa·s). Kro is oil relative permeability. νo is the seep-
age velocity of the oil phase (m/s). λw is the threshold
pressure gradient of the water phase (MPa/m). μw is water
viscosity (mPa·s). Krw is water relative permeability. νw is
the seepage velocity of the water phase (m/s).

We can expand e−αkðPi−PÞ to obtain Equation (20) using
the Taylor formula:

e−αk Pi−Pð Þ = 1 − αke
−αk Pi−Pð Þ Pi − Pð Þ −⋯

−
αj
ke

−αk Pi−Pð Þ Pi − Pð Þj
j!

−⋯−
αnke

−αk Pi−Pð Þ Pi − Pð Þn
n!

,

ð20Þ

j = 1, 2⋯⋯n,n = 1, 2, 3⋯⋯:

Q =
ðrmax

rmin

qdN =
R2 − xf

2� �
hϕπ

Ð rmax
rmin

r2 2μoL −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 μoLð Þ2 − 2 μo − μwð Þr cos θt

q� �
/ 2 μo − μwð Þð Þ

� �
exp − r − f2ð Þ2/2f12

� �� �
dr

L
Ð rmax
rmin

r2 exp − r − f2ð Þ2/2f12
� �� �

dr
:

ð16Þ
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Since the stress sensitivity coefficient αk is <<1, the
threshold pressure gradient λo is <<1, λw < <1, and the
Jamin resistance Pcj is <<1, Equation (20) can be replaced
by Equation (18) and Equation (19) and simplified as fol-
lows:

e−αk Pi−Pð Þ Kro

μo
· dP
dr

= vo
Ki

+ Kro

μo
λo +

Kro

μo
Pcj, ð21Þ

e−αk Pi−Pð Þ Krw

μw
· dP
dr

= vw
Ki

+ Krw

μw
λw + Krw

μw
Pcj: ð22Þ

According to the oil-water two-phase flow differential
equation (Equations (21) and (22)), the oil-water two-
phase productivity equation can be obtained as follows:

ðP1

P2

e−αk Pi−Pð ÞKro

Boμo
dP = qo

2πhKi

ðr1
r2

1
r
dr + λo + Pcj

� �ðr1
r2

Kro

Boμo
dr,

ð23Þ
ðP1
P2

e−αk Pi−Pð ÞKrw

Bwμw
dP = qw

2πhKi

ðr1
r2

1
r
dr + λw + Pcj

� �ðr1
r2

Krw

Bwμw
dr,

ð24Þ
where P1 is the external boundary pressure (MPa). P2 is
internal boundary pressure (MPa). r1 is the outer boundary
radius (m). r2 is the inner boundary radius (m). Bo is the
volume coefficient of the oil phase (m3/m3). Bw is the water
volume coefficient (m3/m3).

From Equation (23), we can obtain

Qo = 2πhKi

Kroe
−αkPi eαkP1 − eαkP2

� �
− Kroαk λo + Pcj

� �
r1 − r2ð Þ

Boμoαk ln r1/r2
,

ð25Þ

m = 2πhKi

e−αkPi eαkP1 − eαkP2
� �

− αk λo + Pcj

� �
r1 − r2ð Þ

Boμoαk ln r1/r2
:

ð26Þ
Then, the yield equation can be expressed as

Qo =mKro: ð27Þ

From the material balance equation, we can obtain

Qo =
Vp

Bo

d �Sw
dt

, ð28Þ

where Vp is the pore volume (m3). �Sw is the average water
saturation (decimal). t is production time (d).

From Equations (25) and (28), we can obtain

1
Kro

d �Sw = mBo

Vp
dt, ð29Þ

The relative permeability curve of oil and water can be
expressed as follows:

Kro = Kro Swcð Þ 1 − Sw − Sor
1 − Swc − Sor

� �no
, ð30Þ

Krw = Krw Sorð Þ Sw − Swc
1 − Swc − Sor

� �nw
, ð31Þ

where no is oil phase index and nw is water phase index.

Table 2: Basic model calculation parameters.

Basic parameters Value Basic parameters Value

Porosity (%) 12 Minimum porous aperture (μm) 0.01

Permeability (mD) 0.7 Maximum porous aperture (μm) 5

Oil viscosity (mPa·s) 2.21 Residual oil saturation (%) 20

Water viscosity (mPa·s) 1 Bound water saturation (%) 20

Contact angle 30° Relative permeability of oil phase under bound water saturation (%) 83

Oil-water interfacial tension (mN/m) 35.5 External boundary radius (m) 1000

Internal boundary radius (m) 10 Effective reservoir thickness (m) 10
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Figure 13: Diagram of cumulative yield.
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The integral of Equation (29) is

Sw = 1 − Sor − 1 − Swc − Sorð Þno + no − 1
1 − Swc − Sorð Þno

mKro Swcð ÞBo

Vp
t

" #1/ −no+1ð Þ
:

ð32Þ

After differentiation, we can obtain

Qo =mKro Swcð Þ 1 + no − 1
1 − Swc − Sor

mKro Swcð ÞBo

Vp
t

" #no/ −no+1ð Þ
:

ð33Þ

The cumulative oil production can be obtained by inte-
grating Equation (33):

Np =
Vp 1 − Swc − Sorð Þ

Bo
−
Vp 1 − Swc − Sorð Þ

Bo

� 1 + no − 1
1 − Swc − Sor

mKro Swcð ÞBo

Vp
t

" #no/ −no+1ð Þ
:

ð34Þ

Therefore, the yield prediction model of the multistage
seepage model for tight reservoirs is

Wp =Np +Q: ð35Þ

4.3. Model Results and Discussion. In this study, MATLAB
(2018b) was used to program and calculate the calculation
process. The influences of factors such as imbibition, the
stress sensitivity, the threshold pressure gradient, and the
Jamin effect on model’s output were compared, and sugges-
tions for field development were formulated. The basic
model calculation parameters are presented in Table 2.

4.3.1. Consideration of the Impact of Imbibition on
Production. Figure 13 shows the cumulative yield without
considering the imbibition effect, the cumulative yield with
considering the infiltration effect, and the cumulative yield
only considering the infiltration effect in the secondary and
tertiary pores. It can be seen from the diagram that the yield
considering imbibition is significantly larger than that with-
out considering imbibition. This shows that imbibition can
replace the oil that is difficult to displace from the small
pores into the microcracks and macropores, which can then
be displaced to produce, increasing the yield. The yield
considering the only imbibition is very small compared to
the total yield, indicating that the oil production contribu-
tion of imbibition to the total yield is limited. The curved
shape initially increases, and the cumulative yield remains
unchanged after some time, indicating that imbibition plays
a role during this period. This process involves gradually
replacing the oil in the small pores. When the curve remains
unchanged, the imbibition process has replaced the oil in the
second and third pores.

4.3.2. Effect of Stress Sensitivity on the Yield. Figure 14 shows
the daily oil production and the cumulative oil production
for stress sensitivity coefficients of 0.005, 0.05, 0.1, and 0.2.
In the figure, the trial calculation was conducted using data
from Well Chang 7, and the results are compared with the
field results. The error of the trial calculation results is small.
It can be seen from the figure that as the stress sensitivity
coefficient increases, the oil production constantly decreases.
In addition, the decline in production during the early stage
of mining is relatively fast, and the decline in the late stage is
relatively slow, exhibiting a trend of high yield in the early
stage and stable yield in the late stage. In early-stage mining
oil production, the gap is relatively large, but the gap gradu-
ally narrows with time. This is because the greater the stress
sensitivity coefficient is, the greater the damage rate of the
reservoir permeability is. Based on the model calculation

0 500 1000 1500 2000 2500 3000

0

1

2

3

4

5

6
Pr

od
uc

tio
n 

(m
3 )

Time (d)

The stress sensitivity coefficient is 0.005
The stress sensitivity coefficient is 0.05
The stress sensitivity coefficient is 0.1

0 500 1000 1500 2000 2500 3000
0

500

1000

1500

2000

2500

3000

Pr
od

uc
tio

n 
(m

3 )

Time (d)

Actual production curve

Figure 14: Schematic diagram showing the effect of different stress sensitivity coefficients on the yield.
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results, increasing the stress sensitivity coefficient should be
avoided to prevent a rapid decline in production.

4.3.3. Effect of Threshold Pressure Gradient on the Yield.
Figure 15 shows the daily oil production and cumulative
oil production for threshold pressure gradients of
0.0023MPa/m, 0.0053MPa/m, and 0.0083MPa/m. In the
figure, the trial calculations were conducted using data from
Well Chang 7, and the results are compared with the field
results. The error of the trial calculation results is small. It
can be seen from the figure that as the threshold pressure
gradient increases, the oil production continues to decline.

The production declines in the early stage of mining, while
the decline in the late stage is slow, exhibiting a trend of
high yield in the early stage and stable yield in the late
stage. In early-stage mining oil production, the gap is rel-
atively large, but the gap gradually narrows with time.
This is because the effect of the threshold pressure gradi-
ent is equivalent to the increase in the seepage resistance,
which reduces the effective production pressure difference,
resulting in poor fluid flow. Therefore, the effect of the
threshold pressure gradient cannot be ignored, and mea-
sures need to be taken to reduce the threshold pressure
gradient and increase production.
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Figure 15: Diagram showing the effect of different threshold pressure gradients on the yield.
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4.3.4. Effect of the Jamin Effect on the Yield. Figure 16 shows
the daily oil production and cumulative oil production for
Jamin effect values of 0.001MPa/m, 0.005MPa/m, and
0.01MPa/m. In the figure, the trial calculations were con-
ducted using data from Well Chang 7, and the results are
compared with the field results. The error of the trial calcu-
lation results is small. It can be seen from the figure that as
the Jamin effect increases, the oil production continues to
decline. The production declines in the early stage of mining,
and the decline in the late stage is slow, exhibiting a trend of
high yield in the early stage and stable yield in the late stage.
In early-stage mining oil production, the gap is relatively
large, but the gap gradually narrows with time. This is
because the Jamin effect on the two-phase flow mainly
comes from the oil droplet displacement to the large pores
by imbibition, which increases the two-phase interface. In
the late stage of mining, owing to the gradual weakening of
the imbibition, the two-phase interface decreases sharply,
and the corresponding Jamin effect is weakened. Therefore,
as the Jamin effect increases, production decreases. For tight
reservoirs, the Jamin effect is stronger, and its influence is
greater.

5. Conclusions

In this study, a conceptual model of multistage seepage in
tight reservoirs was established, and a corresponding math-
ematical model was established based on the characteristics
of the concept model to study the seepage law of tight reser-
voirs under multiple factors. Based on this, the seepage law
of tight oil reservoirs containing microfractures was studied
through two groups of online NMR experiments involving
water flooding and gas flooding. The following conclusions
were drawn based on the experiments and models.

(1) According to the seepage characteristics of tight res-
ervoirs, a conceptual model of multistage seepage in
tight reservoirs was proposed. This model mainly
applies to the matrix seepage area that is not affected
by fracturing cracks. This area is generally far away
from the artificial cracks. In contrast to the seepage
law of large cracks, the specific surface area in this
region is large, and the viscosity is strong. In this
model, the pores in the reservoir are divided into
three grades according to their flow sizes: primary
pores, secondary pores, and tertiary pores. The oil-
water two-phase flow occurs in the primary pores,
and the oil is displaced from the secondary and
tertiary pores by imbibition to participate in the oil-
water two-phase flow

(2) In the process of low permeability and tight reservoir
development, the main seepage channels for oil-
water two-phase flow are the microcracks, large
pores, and throats in the reservoir. The size of the
large pores is mainly concentrated in the micron
and submicron range, and there is no two-phase flow
in the small pores. During water flooding, the imbi-
bition effect cannot be ignored, and the oil produc-

tion can account for 5–11% of the initial oil
content. The main reason for this is that the oil that
cannot be displaced from the small pores is trans-
ferred to the large pores and microcracks via imbibi-
tion replacement to participate in the two-phase
flow, and then, the oil is produced. Because the imbi-
bition occurs under the action of capillary force, the
higher the degree of core microcracks development,
the more submicron pores connected by micro-
cracks, resulting in oil in submicron pores transfer-
ring to microcracks. If only the two displacement
processes before and after imbibition are considered,
the change of oil content mainly occurs in micron
pores, indicating that the two-phase flow of water
flooding oil mainly occurs in larger pores, such as
micron pores, and there is no two-phase flow in
nanopores and micro-nanopores. In the laboratory,
the effect of water flooding on oil recovery is high,
and the recovery is nearly doubled. As the degree of
microcrack development increases, the ultimate
recovery initially increases and then decreases. Dur-
ing gas flooding, the effect of a stuffy well on recovery
is low. The higher the degree of microcrack develop-
ment, the lower the recovery

(3) In the multistage seepage model, the effects of suc-
tion, the stress sensitivity, the threshold pressure
gradient, and the Jamin effect on model’s yield
are considered. In the model, imbibition no longer
works after a while because the early imbibition
has replaced the oil in the secondary and tertiary
pores. When the stress sensitivity, the initial pres-
sure gradient, and the Jamin effect are considered,
the oil production will be reduced. As the parame-
ter values increase, the oil production will continue
to decline. The decline in production in the early
stage of mining is relatively fast, and the decline in
the late stage is relatively slow, exhibiting a trend of
high yield in the early stage and stable yield in the late
stage
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