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Water huff-n-puff is an effective technology to enhance oil recovery (EOR) of low-
permeability reservoirs, which are usually developed with hydraulic fracturing. Fluid
exchange between fractures and the matrix is the main EOR mechanism. However,
the presented water huff-n-puff simulations usually assume vertical fracture morphology,
while the horizontal fractures formed in shallow reservoirs are rarely reported. In this study,
we first introduced the water huff-n-puff process in a low-permeability oil reservoir with
horizontal fractures and described the multiphase flow characteristics during the huff,
soak, and puff stages. Then combined with a series of experiments, a comprehensive
method is used to determine the key flow parameters, that is, capillary pressure and
relative permeability. Finally, using the Chang 6 reservoir as an example, a series of
numerical simulations were conducted to demonstrate the effect of water huff-n-puff on
the well performance in this field. The simulation results showed that oil production is
mainly affected by the injection volume and injection rate, while water production mainly
depends on the well shut-in time. For a typical well in this field, the optimal injection volume,
injection rate, and well shut-in time are 300 m®, 10 m%/d, and 30 days, respectively. In
addition, our results showed that increasing the number of cycles not only benefits fluid
exchange but also enhances the formation pressure. Both of them can accelerate the
development of low-permeability oil reservoirs.

Keywords: water huff-n-puff, low-permeability reservoirs, horizontal fracture, Chang 6 reservoir, imbibition

1 INTRODUCTION

With the depletion of conventional resources and the increase in energy demand, low-permeability
oil reservoirs play an important role in the world energy map (Wang et al., 2018; Rao et al., 2020;
Feng et al., 2021). Due to the poor physical properties of the reservoir, that is, small pore size, low
porosity, and low permeability, hydraulic fracturing becomes the necessary technology to develop
these types of reservoirs in a commercial and effective way (Takahashi and Kovscek, 2010; Ren et al.,
2016; Huang et al., 2021a; Huang et al., 2021b). However, the fields usually show a rapid decline in the
production rate and formation pressure, which corresponds to low recovery that depends only on
elastic energy (Han et al.,, 2021). Therefore, how to improve oil recovery after depletion production
has become an urgent target for researchers and engineers. Due to its wide distribution in nature,
water is considered the most appropriate medium to supplement formation energy. Moreover, in
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order to extract more oil from low-permeability reservoirs, water
huff-n-puff is the preferred technology because injected water in
the fractures and crude oil in the matrix can exchange with each
other under the drive of capillary force (Wang et al, 2018).
Moreover, this technology has been already put into practice in
some areas, such as the Changqing oil field and the Yanchang oil
field in China. Therefore, research studies on the dynamic process
and influencing factors of water huff-n-puff are important to
improve the well performance of reservoirs with low
permeability.

During the water huff-n-puff process, the well is shut down for
a period of time after the injection of water. Under the drive of
capillary pressure, injected water is imbibed into the matrix and
displaces the oil into the fracture or into the area near the
wellbore. Subsequently, the well is reopened, and the oil in the
fractures or the near-wellbore area can be produced easily (Wang
etal., 2021a; Wang et al., 2021b). Therefore, imbibition under the
drive of capillary pressure is considered to be the main
mechanism of water huff-n-puff to improve the recovery of
low-permeability reservoirs. According to this mechanism,
researchers have conducted numerous laboratory experiments
and numerical simulations (Wilsey and Bearden, 1954; Graham
and Richardson, 1959; Tavassoli et al., 2005; Sun et al., 2022).
Rangel-German and Kovscek (2004) used a microscopic
visualization model to observe the fluid exchange between
fractures and the sandstone matrix, and the results showed
that the fluid exchange is affected by the injection rate and the
relative permeability of the media. Wang et al. (2018) conducted a
series of imbibition experiments and found that there is an
optimum permeability for spontaneous imbibition. This is
because the variation of permeability has contradictory effects
on spontaneous imbibition, that is, the decrease in capillary
pressure and the increase of water flow space. Rao et al
(2020) investigated the mechanisms of water puff-n-huff in
low-permeability reservoirs with complex fracture networks,
and the results showed that the surface area of fractures
determines the imbibition efficiency. His results suggest that
increasing the complexity of fractures can promote fluid
exchange between the fractures and the matrix. In addition,
formation energy supplementation and unstable displacement
are also considered to contribute to EOR. Wang et al. (2019)
conducted a simulation to evaluate the effect of multiple cycles on
well production in a tight oil block. The results showed that
increasing the number of cycles can increase the injection
pressure and decrease the capillary pressure, leading to a
decrease in development effects.

Although researchers have conducted many experiments and
simulations to investigate the effects of water huff-n-puff on well
performance in low-permeability reservoirs, most of the work
focuses on reservoirs with vertical fractures. In fact, the
morphology of hydraulic fractures strongly depends on the
relative magnitude of stress in the vertical and horizontal
directions. For example, in a deposit with deep burial depth,
the hydraulic fractures usually expand in the vertical direction
because the stress in this direction is much greater than that in the
horizontal direction. However, for a reservoir with shallow burial
depth, the stress in the horizontal direction is in the advantage

Water Huff-n-Puff

position, leading to the formation of horizontal fractures
(Hartsock and Warren, 1961). Fisher and Warpinski (2012)
made a statistical analysis of ten thousand of hydraulic
fractures in North America and found that the morphology of
hydraulic fractures is horizontal when the depth of the reservoirs
is less than 2000 ft; at a depth greater than 4000 ft, mainly vertical
fractures are found. At the Yanchang oil field in China, the burial
depth of the reservoirs is in the range of 500-700 m. Thus, the
morphology of fractures in this area usually extends in the
horizontal direction. However, the huff-n-puff process of water
and its effects on the well performance in these reservoirs have
not been well studied.

In this article, we first presented the process of water huff-n-
puff in a low-permeability oil reservoir with horizontal fractures,
accompanied by the multiphase flow characteristics during huff,
soak, and puff stages. Then in combination with the imbibition
experiments, a comprehensive method is used to determine the
key flow parameters, that is, capillary pressure and relative
permeability. Finally, using the Chang 6 reservoir as an
example, the impact of the water huff-n-puff method on the
well performance of low-permeability oil reservoirs with
horizontal fractures is evaluated with a series of numerical
simulations.

2.MECHANISM ANALYSIS OF WATER
HUFF-N-PUFF

Water huff-n-puff could enhance oil recovery because of the
supplement of formation energy and the exchange between crude
oil in the matrix and injected water in the fractures. Based on the
migration of fluids, water huff-n-puff can be divided into huff,
soak, and puff stages (Wang et al,, 2018; Gao et al., 2022).

As illustrated in Figure 1A, in the huff stage, water is
injected into the reservoirs with high pressure to create the
fracture networks. For a reservoir with low permeability and
shallow depth, the horizontal morphology with an elliptical
shape is the most common. In this stage, the injected water fills
the fractures and then flows into the matrix in the vertical
direction and the radial direction. Overall, the injected water
increases the pressure of the formation and lowers the oil
saturation near the wellbore. After the water injection, the well
is shut down for a period of time, which can be referred to the
soak stage. As illustrated in Figure 1B, capillary pressure plays
the main role in this stage and determines the redistribution of
fluids, that is, oil and water. Under the drive of capillary
pressure, the convective motion of oil and injected water is
achieved by spontaneous imbibition. Overall, the main
objective of well shut-in is to exchange the crude oil at
depth to the fracture or near-wellbore zone. After a certain
period of shut-in, the well is reopened and the oil starts to be
produced. As illustrated in Figure 1C, under the drive of
drawdown pressure, the oil in the fractures flows rapidly to
the bottom hole, resulting in higher production that lasts only
for a short time. With the continuous production, both of the
fluids in the radial and vertical directions would flow into the
fractures. After a period of production, the oil in the fractures
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FIGURE 1 | Schematic diagram for the water huff-n-puff in low-permeability reservoirs with a horizontal fracture. (A) Huff stage, (B) soak stage, (C) puff stage.
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TABLE 1 | Sample properties in the Chang 6 reservoir.

Parameter Length (cm) Radius (cm)
Sample 1 5.02 2.50
Sample 2 5.02 2.51

and near-wellbore zone is essentially removed, and the well
shows the characteristics of depletion development again.

3 ESTIMATION OF CAPILLARY PRESSURE
AND RELATIVE PERMEABILITY

Based on the analysis of the mechanism of water huff-n-pulff, the
imbibition effect is the key factor for the migration and
redistribution of fluids. Therefore, in this part, two cores
from the Chang 6 reservoir are selected to conduct the
imbibition  experiments. = Meanwhile, some  related
experiments, such as, wettability measurement, mercury
injection test, and interfacial tension (IFT) measurement, are
also conducted. Based on the experimental results, we used a
comprehensive method to determine the capillary pressure and
relative permeability, which are the fundamental parameters for
numerical simulations.

Capillary Pressure

Two sandstones with low permeability from the Chang 6
reservoir were used for the experiments. The information
of porosity and permeability is given in Table 1. Mercury
injection and pore size distribution (PSD) curves were
measured using an AutoPore IV mercury-injection

Porosity (%) Permeability (mD) Iave(im)
10.2 0.34 0.48
11.4 0.48 0.47

analyzer with the highest pressure of 204 MPa and the
pore size ranging from 0.006-360 pm, as shown in
Figure 2.

It should be noted that the capillary pressure curves of the
oil-water system can be estimated based on the mercury injection
curves by correcting the difference between the oil-water system
and the Hg-air system. Before the correction, the wettability of
the rock and the IFT of the oil-water system should be
determined. In this study, the sessile drop method was used to
measure the contact angle, and the results for our samples are
16.6° and 8.2°, respectively (Figure 3). Therefore, it is assumed
that the Chang 6 reservoir is water-wet. Meanwhile, the interfacial
tension (IFT) of the crude oil is measured by a spinning drop
tensiometer at room temperature of 20°C and reservoir
temperature of 35°C, and the results are shown in Figure 4.
At room temperature, the IFT is 35 mN/m, while at reservoir
temperature, the IFT decreases to 22 mN/m.

Based on the measured contact angle and IFT, the
capillary pressure of the oil-water system at room
temperature (20°C) and reservoir temperature (35°C) is
shown in Figure 5. In this study, the capillary pressure at
reservoir temperature is considered as the representative one
in the reservoir. it should be noted that this replacement is
based on the following assumptions: 1) the effect of pressure
on IFT is ignored because IFT results from the density
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FIGURE 2 | Results of mercury injection test of our samples. (A) Capillary pressure curves. (B) Pore size distribution curves
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FIGURE 3 | Contact angle of two samples. (A) Sample 1. (B) Sample 2
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FIGURE 4 | IFT of crude oil-water system with different temperature.

difference of two immiscible fluids, and pressure has no
significant effect on water density and oil density. 2) The
effect of temperature on wettability is ignored. At room
temperature, our samples have already shown strong
hydrophilicity. In general, when the surface is
hydrophilic, increasing the temperature can enhance the
affinity to water molecules. Thus, the influence of
temperature is insignificant.

Spontaneous Imbibition Experiments

As illustrated in Figure 6, the experiment of spontaneous
imbibition is performed with an automatic metering system,
which is assembled by an electronic balance and a computer.
In this experiment, the samples are held under a rigid metal frame
with a non-elastic and impermeable string, and their mass can be
measured by the electronic balance (JJ632BC), whose accuracy is
0.0001 g and measuring range is 620 g. Meanwhile, the change of
mass is transmitted to the computer in real time. The experiments
were conducted in a constant temperature chamber (T = 20°C) to
mitigate the effects of temperature variation in the environment.
The procedure of experiments is as follows: 1) the geometrical
parameters of the samples, that is, length and radius, are
measured. 2) The samples are cleaned and the impurities in
the core, that is, crude oil and bitumen, are removed. 3) The
samples are dried at a temperature of 105°C for 8 h. The mass of
the dry samples is determined if the mass difference between the
two successive measurements is less than 0.01g. 4) The clean
samples are immersed in crude oil for 48 h to ensure that the
pores are filled with crude oil. Then the samples are suspended by
an impermeable string and immersed into the water. 5) The mass
of imbibed water is recorded automatically until the mass remains
constant within 1 hour.

As illustrated in Figure 7A, our results indicate that the
imbibition curves of the two samples are very close because
their physical properties are very similar. From Figure 7A, it
can be seen that the imbibition rate gradually decreases and
finally approaches equilibrium. The reason is that the imbibition
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FIGURE 6 | Picture of spontaneous imbibition experiments.

of water increases the water saturation of the cores, which leads to
a decrease in the capillary pressure. Moreover, the experimental
data are managed by the method, that is, the Y-coordinate is
plotted as the imbibed mass m, while the X-coordinate is plotted
as the square root of time ¢'/%, as shown in Figure 7B. The results
show that m has a linear relationship with ¢"/2. This finding may
help to determine the relative permeability of the imbibition
process.

Relative Permeability

By neglecting the gravity effect, a mathematical model for
immiscible, incompressible, and isothermal two-phase flow is
obtained by combining the Darcy flow and continuity equation
(Ren et al., 2016; Alyafei and Blunt, 2018) as follows:

3f,(Su) @ 3S,] . . 0S,
L +ax[Dr‘sw)ax]+¢at—°’ W

where v, is the total velocity, f; (Sy) is the fractional flow function,
and D, (Sy) is the capillary dispersion coefficient.
The fractional flow function can be expressed as follows:

A 10 B 10
T=20°C T=20°C
P T=35°C S T=35°C
= =
a J & 0.1 5
S 0.1 E
& &
0.01 A 0.01 3
0.001 T T T T 0.001 T T T T
0 20 40 60 80 100
0 20 40 s, (%)60 80 100 S, (%)
FIGURE 5 | Estimated capillary pressure of two cores for the oil-water system. (A) Sample 1. (B) Sample 2
Ko/t
fr(Se) = ol by 2

K’w/nuw + Km/n"lo’

where K., and K, are the water relative permeability and oil
relative permeability, respectively; p,, and y, are the water
viscosity and oil viscosity, respectively.

The capillary dispersion coefficient can be expressed as follows:

Kerra aPC (SUJ)

D,(S,) = -K
(Su) YKo + 1, Kry  0Sy

3)

For spontaneous imbibition, the initial condition is given as
follows:

Su(x,t=0)=S,. (4)

The boundary condition for spontaneous imbibition is given
as follows:

Sw (X = O, t) = S(), (5)
Sy (x = 00,t) = S,. (6)

Based on the experimental results in Section 3.2, imbibed

mass m has a linear relationship with the square root of time ¢"/2.

Correspondingly, the imbibed rate is also in proportion to the t'/?,
which can be written as follows (Ren et al., 2016):
v (0,1) = AL, )
where A is an imbibition constant.
Furthermore, capillary fractional flow F(S,,) is defined as the
ratio of water flux in the core to the condition at the inlet.

Vw (x’ t) =Vw (0> t)F(Sw) (8)

Based on Eqs 1-8, the water saturation profile for spontaneous
imbibition can be given with the semi-analytic form, as follows:

*(Sunt) = %F (S, ©)
So
A = 2<J 5 d8w>, (10)

i
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So So
) (S = SID(SW)
F(Sw)—<JF(ﬁ)dﬁ)/<§[ R d8w>. (12)

Based on Eq. 9, the imbibition mass can be given as follows:
Smax Smax
2A 172
m=p,Co j x(Sy» )dS,, = p,Cé J ?F (Sw)dS, - t2. (13)
Sue Swe

1/2

Therefore, the slope between m and t' is given as follows:

Smax

L=p,Cé j %F'(sw)dsw.

Swe

(14)

According to Eqs 10-14, we can know that besides the physical
properties of core samples and fluids, the capillary dispersion
coefficient and relative permeability are the key factors to
determine the imbibition results. The capillary pressure is
shown in Figure 5, and the relative permeability curve can be
determined as the function of normalized water saturation.

2
Kru) _ (S*)I/ZI:I _ (1 _ S*I/I\)A] , (15)
Ky = (1- S*)l/z(l B S*I/A)u) (16)
S-S
* w we 17
s 1- ch - Sor ( )

Based on Eqs 14-17, parameter A can be obtained by the slope
between m and t"/? in our experiments. Moreover, the relative
permeability curve can be estimated, and the results are shown in
Figure 8. The results provide the basic seepage parameters for our
numerical simulations.

Meanwhile, some uncertainties during this process should be
noted: 1) as shown in Figure 2B, the measured PSD curves
demonstrated that the pore dimension of samples ranges from
several nanometers to several micrometers. Non-Darcy flow has
been widely acknowledged in such a small space because of its
remarkable surface effects (Feng et al., 2018b; Feng et al,, 2019). 2)
Microfractures induced by the imbibed water could also influence
the imbibition process. 3) Some special phenomena (e.g., electric
double layer, electro-viscosity, and osmotic pressure) induced by the
ion in the formation fluids increase the complexity of multiphase
flow (Feng et al., 2018a). This would be our future work.

4 NUMERICAL SIMULATION AND FIELD
APPLICATION

In this section, well A in the Chang 6 reservoir is taken to perform
the numerical simulation. The Chang 6 reservoir is located in the

1
Sample 1-Kro
Sample 1-Krw
08 r = = = Sample 2-Kro
\ = = =Sample 2-Krw
=06
)
X
z
)
X 04
0.2
0
0 80
Sw (%)
FIGURE 8 | Estimated relative permeability curves of two samples.
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FIGURE 9 | Diagram of the reservoir numerical model. (A) Numerical model. (B) Horizontal fracture in the numerical model.

Horizontal fracture in the numerical model

eastern region of the Yanchang oil field. The buried depth is in the
range of 500-700 m. The average porosity is only 7-9%, and the
average permeability is 0.3-0.5mD. Based on the geological
analysis and production practice, it is confirmed that the
fractures in this area are extended in the horizontal direction.
Based on the multiphase flow characteristics in Section 3, we
performed a series of simulations to evaluate the effect of water
huff-n-puff on the well production with further considering the
horizontal fracture and imbibition effect.

4 1 Model Establishment

The black oil model in CMG is adopted to simulate the water huff-n-
puff in well A. The grid size is 43 x 43 x 9 (Figure 9). In the vertical
direction, the reservoir is divided into nine layers, among which the
fifth layer is the fracturing one. The depth of the first layer is set as
500 m. In the horizontal direction, the grid size is 7 m x 7 m. In order
to describe the elliptically horizontal fracture and improve the
computational accuracy, the local mesh encryption method is
employed to set the grid near the well point. The sizes in this area
are setas 1 m x 1 m. Therefore, the total grid number is 145 x 193 x 9.
In the well pattern design, a nine-point pattern is adopted in this
block, and all the well points are located in the center of the elliptic
horizontal fracture. Based on the monitoring results in the field, the
long axis and short axis of elliptically horizontal fracture are
respectively assumed to be 35 and 25m. The aperture and
permeability of fracture are set to 0.5 cm and 300 mD, respectively.
In terms of the seepage parameters, the relative permeability in
Section 3.3 and capillary pressure at the reservoir temperature in
Section 3.1 are adopted to describe the fluids flow in the matrix, while
the diagonal line phase permeability curve is adopted to model the
fluids flow in the fractures. In this simulation, the stress sensitivity of
fractures is not included because of the shallow buried depth
(500-700 m) and low reservoir pressure (4.5 MPa). Other reservoir
parameters are shown in Table 2.

4 2 Sensitivities Analysis
Combined with the research status and field practice, a series of
numerical simulations were performed to choose the optimal

TABLE 2 | Reservoir parameters and production parameters.

Parameter Value Parameter Value
Depth of the top layer 500 m Initial water saturation 30%
Reservoir pressure 4.5 MPa Qil density 0.83gcm™
Reservoir temperature 35°C Water density 19 cm™3
Matrix permeability 0.5mD Oil viscosity 4.67 mPas
Matrix porosity 10% Water viscosity 0.8 mPa s

parameters in one cycle, that is, the injection rate, injected
volume, and soak time. Then based on these optimal
parameters, well performance with multiple cycles of huff and
puff is analyzed.

4.2.1Effect of Injected Rate

With a constant injected water volume (300 m?) and constant
soak time (30 days), three cases, that is, 5 m>/d, 10 m®/d, and
15 m>/d, are simulated to investigate the effect of the injected
rate on the well performance. Meanwhile, depletion
production is regarded as the reference. Considering the
actual case in the practice field, water huff-n-puff is
adopted after a year of depletion production, and the
simulated time lasts for 400 days with a constant bottom
pressure at 1 MPa. As shown in Figure 10, compared with
the depletion production, water huff-n-puff can significantly
enhance the well production. Moreover, as the injection rate
increases, the time for one cycle becomes shorter and the
cumulative oil production is higher. Considering the economic
benefits and limitations of field injection equipment, 10 m*/d
is the optimal injected rate. On the other hand, there is no
difference in water production for the three cases, indicating
that after soaking for 30 days, the distribution of oil and water
reached a steady state. Thus, the injected water rate has little
influence on water production.

4.2.2Injected Volume
With a constant injected water rate (10 m?/d) and constant soak
time (30 days), four cases, that is, 100 m?, 150 m?, 300 m>, and
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500 m”, are simulated to investigate the effect of injected volume
on the well performance. The production system and the
reference are consistent with the case in Section 4.2.1. As
shown in Figure 11, the simulated results showed that the
increase of injected water volume can enhance the production
of oil. When the injected volume is small (100 and 150 m?), the
well production rapidly reaches its peak once the well is reopened.
This is because during the soak period, the injected water is totally
imbibed to the depth of the reservoir, and the oil in the fracture
and near-well zone can be outputted directly. Correspondingly,

the daily water production curves have also proved this
mechanism.

In terms of cumulative production, cumulative oil production
increases with the increase of injection volume. With a constant
injected rate, the larger the injected volume is, the longer the time for
one cycle will be. After the well is reopened, within 150 days, the
highest cumulative oil production is obtained with the case of 500 m’
injected water. While for a longer production time, 300 m® is the
optimal one. In terms of water production, when the injection rate is
500 m’, it takes a longer time for the daily water production to drop
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FIGURE 11 | Comparison of oil and water production with different injection volumes. (A) Comparison of il production. (B) Comparison of water production.

to the normal level, indicating that some injection water is ineffective,
which neither has a contribution to the supplement of formation
energy nor enhances the exchange between crude oil and injected
water. Therefore, 300 m” is the optimal injected volume for well A.

4.2.3Soak Time

Soak time is the key parameter to determine the redistribution of oil
and water. With a constant injected water rate (10 m’/d) and injected
volume (300 m® day), four cases, that is, 10, 30, 50, and 70 days, are
simulated to investigate the effect of soak time on well performance. As
illustrated in Figure 12A, our results suggest that the soak time has an
insignificant influence on the cumulative oil production. As illustrated

in Figure 12B, due to the imbibition effect between injected water and
crude oil, the cumulative water production decreases with the increase
of soak time, and the reduction is sensitive with the soak time ranging
from 10 to 30 days. However, when the soak time is over 50 days, the
variation of cumulative water production is very small. In terms of the
comprehensive improvement of the production level, including
supplementation of formation pressure and economic benefits,
30 days is the optimal soak time for well A.

4.2.4Number of Cycles
At the field application, water huff-n-puff is usually put into
practice for several cycles. With a constant water injection rate
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FIGURE 12 | Comparison of oil and water production with different soak time. (A) Comparison of oil production. (B) Comparison of water production.

(10 m*/d) and total injected volume (900 m?), three cases, that
is, one cycle, two cycles and three cycles, are simulated to
investigate the effect of multiple cycles on the well production.
It should be noted that one cycle includes huff, soak, and puff
stages. In each cycle, the soak time is assumed to be 30 days.
The simulated results are demonstrated in Figure 13. As
shown in Figure 13A, for the case of one cycle, the oil
production gradually decreases after reopening the well,
while for the case of two cycles and three cycles, the oil
production can maintain stability for a longer period of

time. Meanwhile, the variation of cycle numbers is found to
have little influence on the cumulative oil production. As
shown in Figure 13B, we observed that the cumulative
water production decreases as the cycle numbers increases,
which indicates that more water is imbibed into the depth of
the reservoirs and acts as a supplement to the formation
energy. Therefore, increasing the number of cycles is not
only beneficial to the fluids exchange but also helpful to
enhance the formation pressure, which can help achieve the
best development effect.

Frontiers in Earth Science | www.frontiersin.org

10

January 2022 | Volume 9 | Article 824410


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Meng et al.

Water Huff-n-Puff

A s . ‘ - ‘ 4500
— Oil rate (one cycle) - cumulative oil (one cycle)
— Oil rate (two cycles) ------- cumulative oil (tweo cycles)
adl N T Oil rate (three cycles) -—----- cumulative oil (three cycles)z= |
i //“ e i
I
eI 3000
e /// L)
=3 Lt é
3 H el P =
& B s
P é p— £
= | - =<
o e B
S 3 E
x 3
7 1500
’ \
&
,
/ /\/\/
1 /
]
14
£
/
7
/
¢ %
0
200 0 600 800 1000
Time T (d)
B comparison of oil production
30 2500
—— Water rate (one cycle) T
—— Water rate (two cycles) //’/
—— Water rate (three cycles) ; v - _
247 cumulative water (one cycle) Y P 2000
fffffff cumulative water (twa cycles) ,:/ // //’/ =
¥ 3
"""" cumulative water (three cycles) / / /// E
~ i h / =
BT ! p—; 1500
E H I =
e I [ z
£ / ~T 2
2 12 e 1000 %
B ///;, 1 O
7 J—
fo—
1
_ i
6 e SSS 500
t\ L g
0 0
200 0 600 800 1000
Time T (d)
Comparison of water production
FIGURE 13 | Comparison of oil and water production with different cycles. (A) Comparison of oil production. (B) Comparison of water production

5 CONCLUSION

In this study, we first introduced the water huff-n-puff process
in a low-permeability oil reservoir with horizontal fractures
and described the multiphase flow characteristics during the
huff, soak, and puff stages. Then combined with a series of
experiments, a comprehensive method was used to determine
the key flow parameters, that is, capillary pressure and relative
permeability. Finally, using the Chang 6 reservoir as an

example, a series of numerical simulations were conducted
to demonstrate the effect of water huff-n-puff on the well
performance in this field. Based on our studies, following
conclusions can be drawn:

1) The mechanism of water huff-n-puff for low-permeability
reservoirs with horizontal fractures is revealed. Based on the
migration of fluids, water huff-n-puff can be divided into huff,
soak, and puff stages. During the shut-in period, the fluid
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exchange between crude oil in the matrix and water in the
fractures occurs in the radial direction and the vertical direction.
The framework for relative permeability from the spontaneous
imbibition experiments is estimated. Spontaneous imbibition
experiments demonstrate the linear relationship between
imbibition mass and the square root of time. Coupling this
finding and capillary pressure into the two-phase flow theory,
relative permeability can be properly determined.

Water huff-n-puff parameters for a well in the Chang 6
reservoir are optimized considering the horizontal fractures
and imbibition effect. The results show that oil production
is mainly influenced by the injection volume and the
injection speed, while water production is mainly
determined by the well shut-in time. The optimal
injection volume, injection rate, and well shut-in time
are 300 m’, 10 m>/d, and 30 days, respectively. Moreover,
the increase in the cycle number is not only beneficial to the
fluids exchange but also helpful to enhance the formation
pressure. Both of them can accelerate the development of
low-permeability oil reservoirs.

2)

3)
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