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Abstract: Water invasion in carbonate gas reservoirs often results in excessive water production,
which limits the economic life of gas wells. This is influenced by reservoir properties and production
parameters, such as aquifer, fracture, permeability and production rate. In this study, seven full
diameter core samples with dissolved pores and fractures were designed and an experimental system
of water invasion in gas reservoirs with edge and bottom aquifers was established to simulate
the process of water invasion. Then the effects of the related reservoir properties and production
parameters were investigated. The results show that the edge and bottom aquifers supply the energy
for gas reservoirs with dissolved pores, which delays the decline of bottom-hole pressure. The high
water aquifer defers the decline of water invasion in the early stage while the big gas production rate
accelerates water influx in gas reservoirs. The existence of fractures increases the discharge area of gas
reservoirs and the small water influx can result in a substantial decline in recovery factor. With the
increase of permeability, gas production rate has less influence on recovery factor. These results can
provide insights into a better understanding of water invasion and the effects of reservoir properties
and production parameters so as to optimize the production in carbonate gas reservoirs.
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1. Introduction

The production of water from gas producing wells is a common occurrence in gas fields. It is
attributed to one or more of several reasons such as normal rise of gas-water contact, water coning or
water fingering [1–4]. Water coning occurs in gas reservoirs with the edge-and-bottom aquifer drive,
and water will flow into the wellbore from below and above of the perforations and consequently
interfere with gas production [5]. Water coning is a common problem which increases the cost of
producing operations and raises some environmental problems related to water disposal, and reduces
the efficiency of the depletion mechanism and the overall recovery [6]. Thus, understanding the
questions such as water invasion in gas reservoirs and its effects on recovery factor is significant for
predicting gas productivity and optimizing extraction conditions.

Water invasion is a complex phenomenon observed in oil and gas reservoirs, which will occur due
to pressure gradients close to the production well and the imbalance between the viscous and gravity
forces around the completion interval [7,8]. There are three essential forces controlling the mechanism,
which includes the capillary, viscous and gravity forces [6]. With the change of pressure drawdown, the
viscous force pushes the gas phase into the production well, and the lift up of the gas-water interface

Appl. Sci. 2017, 7, 697; doi:10.3390/app7070697 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://dx.doi.org/10.3390/app7070697
http://www.mdpi.com/journal/applsci


Appl. Sci. 2017, 7, 697 2 of 11

will be caused by the dynamic pressure distribution near the production well [6,9–11]. In contrast, the
gravity force will cause water to remain in the gas saturated resign of the reservoirs. When the dynamic
force at the wellbore exceeds the gravity force, the pressure gradient will cause the local gas-water
contact to rise upward, which will contribute to water invasion and interfere with gas production.

Some studies on water invasion in gas reservoirs and its impact on gas productivity have
been considered in the past. Muskat and Wycokoff [12] studied the water coning phenomenon
and demonstrated clearly that water coning would occur at high pressure drop. Hoyland [13] pointed
out that the gravity force was dominant at initial reservoir conditions, and the viscous force would
arise to part of the controlling mechanism when the pressure drawdown increased. Saad et al. [14]
and Bahrami et al. [15] analyzed the problem of water coning in naturally fractured reservoirs using
experimental work and field data, respectively. Cheng et al. [16] and Shen et al. [4] performed the
effects of the reservoir properties on water coning with the numerical simulation. Hu et al. [17] and
Xiong et al. [18] established a mathematical model to predict water properties and the performance of
water invasion with the data of gas and water production. Perez et al. [19] used a coning radial model
to evaluate the occurrence of coning in naturally fractured reservoirs. Hu et al. [20] and Shen et al. [21]
used reservoir cores to analyze the effects of different aquifers on water invasion. Azim [7] proposed
a fully coupled poroelastic multiphase fluidflow numerical model to understand the water coning
phenomenon in naturally fractured reservoir under the effects of various rock and fluid properties.
So far there has been a lot of research work carried out on the performance of water invasion in gas
reservoirs. However, water invasion of gas reservoirs is not fully understood and many uncertainties
still exist in the process. Hence, there is a necessity to understand water invasion and the effects
of these reservoir and production parameters on the problem so as to optimize gas productivity in
gas reservoirs.

In this study, the experimental system of water invasion in gas reservoirs with the
edge-and-bottom aquifer was established, and the elastic expansion of water and gas was considered.
Seven full diameter core samples with dissolved pores and fractures were designed and the physical
simulations of water invasion in carbonate gas reservoirs were conducted. Then the effects of the related
reservoir properties and production parameters, such as water invasion energy, aquifer, production
rate, permeability and fracture, were studied and discussed. These results can provide a better
understanding of water invasion for improving the gas recovery and development benefit in carbonate
gas reservoirs.

2. Experimental Systems and Methods

2.1. Experimental Systems

In the physical simulation of water invasion in gas reservoirs, previous studies only considered the
elastic expansion of formation water when simulating the edge-and-bottom aquifer [20,21]. However,
the compressibility of formation water is between 3.4 × 10−4 and 5.0 × 10−4 MPa−1 in gas reservoirs
with the finite edge-and-bottom aquifer [22]. Thus, the elastic expansion capacity of an aquifer is very
weak and the aquifer expansion caused by the formation pressure drop is small. For example, when
the pressure drop of formation water is 50 MPa, the aquifer expansion only accounts for about 2% of
aquifer reserves. That is why water coning will occur at 20 times, 100 times and even infinite aquifer
considering the aquifer expansion [21]. Therefore, there will be a false understanding that water
coning will occur in strong aquifers if water invasion only considers the elastic expansion capacity
of an aquifer, but this contradicts that water invasion in some gas reservoirs takes place without a
strong aquifer.

In order to simulate water invasion of gas reservoirs with the edge-and-bottom aquifer accurately,
the energy source of water invasion is not just the elastic expansion of aquifer, and the effects of rock
pore compression and water soluble gas expansion should be considered. The solubility of natural
gas in water is mainly affected by formation pressure, temperature, and the salinity of formation
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water [23,24]. With the increasing of formation pressure and temperature, the gas solubility in water
rises gradually. The solubility declines gradually with the increasing of water salinity. According
to the previous studies [23], there is a gas reservoir with origin formation temperature of 150 ◦C,
formation pressure of 60 MPa, and water salinity of 19,029 mg/L. When the aquifer is 5 times and
pressure drawdown is 40 MPa, the limit adsorption of natural gas in formation water is about 3.7%
of reservoir reserves. However, when reservoir pressure declines to 40 MPa in the development of
gas reservoirs, the overall pressure drop of formation water is much less than 40 MPa. Therefore, the
desorption of water soluble gas can be negligible in contrast to reservoir reserves. As it is very difficult
to dissolve gas in water completely, the experiment only considers the elastic expansion energy of
water soluble gas, which ignores the desorption effect due to pressure drop. The experimental system
of water invasion in gas reservoirs with edge and bottom aquifer was shown in Figure 1, which was
composed of nitrogen gas source, ISCO pump, confining pressure pump, core holder, pressure sensor,
gas flowmeter and data acquisition system, etc.
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Figure 1. Experimental system of water invasion in gas reservoirs with edge and bottom aquifer. 

2.2. Experimental Methods 

Experimental core samples were obtained from carbonate gas reservoirs of Anyue gas field, 
which is located in Sichuan Province, China [25,26]. The reservoirs are characterized by strong 
heterogeneity, including dissolved vugs, pores and fractures, which are shown in Figure 2a,b, 
respectively. The core samples from NO. 1 to NO. 5 were dissolved pores while the sample NO. 6 
and NO. 7 cores contained micro and macro fractures, respectively. The properties of carbonate core 
samples used in the study were summarized in Table 1. During the experiment, the edge-and-bottom 

Figure 1. Experimental system of water invasion in gas reservoirs with edge and bottom aquifer.

2.2. Experimental Methods

Experimental core samples were obtained from carbonate gas reservoirs of Anyue gas field, which
is located in Sichuan Province, China [25,26]. The reservoirs are characterized by strong heterogeneity,
including dissolved vugs, pores and fractures, which are shown in Figure 2a,b, respectively. The
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core samples from NO. 1 to NO. 5 were dissolved pores while the sample NO. 6 and NO. 7 cores
contained micro and macro fractures, respectively. The properties of carbonate core samples used in the
study were summarized in Table 1. During the experiment, the edge-and-bottom aquifer (formation
water) was 8.0 × 104 mg/L and the nitrogen gas source was 99.99% of purity. According to the
experimental process, the experimental system was connected and the device tightness was checked.
Then a confining pressure of 40 MPa was added to the experimental core, and a nitrogen of 30 MPa
was saturated to the experimental core. Meanwhile, the experimental system of water invasion was
synchronized to 30 MPa, which was the same as the reservoir pressure. Then the gas flowmeter was
opened to simulate the production of gas reservoirs, and the pressure, flowrate and time was recorded
until the abandonment pressure reached 3 MPa. Finally, the above experimental procedures were
repeated after changing core samples, and the physical simulations with different water invasion
energies, aquifers, production rates, permeabilities, fractures were conducted successively. The
experiments of water invasion conducted on different conditions were summarized in Table 2.
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Figure 2. Core samples from the carbonate gas reservoir of Anyue gas field. (a) Core sample with vugs
and pores; (b) Core sample with micro fractures.

Table 1. Some properties of carbonate core samples used in this study.

NO. Length (cm) Diameter (cm) Permeability (mD) Porosity (%)

1 10.105 10.438 0.001 4.10
2 9.807 10.021 0.021 4.30
3 10.156 10.440 0.101 5.10
4 10.350 10.159 1.010 8.80
5 10.153 10.357 15.310 10.60
6 10.255 10.257 0.110 5.30
7 10.250 10.257 10.120 5.40

Table 2. Different experiments of water invasion conducted in this study.

NO. Fracture Aquifer Size (Times) Production Rate (mL/min)

1 no 0, 3, 7, infinite 500, 1000, 2000, 4000
2 no 0, 1, 3, 7, 12, infinite 500, 1000, 2000, 4000
3 no 0, 3, 7, infinite 500, 1000, 2000, 4000
4 no 0, 3, 7, infinite 500, 1000, 2000, 4000
5 no 0, 3, 7, infinite 500, 1000, 2000, 4000
6 yes 0, 3, 7, 12, infinite 500, 1000, 2000, 4000
7 yes 0, 3, 7, 12, infinite 500, 1000, 2000, 4000

3. Results and Discussion

3.1. Effect of Different Water Invasion Energies

Water supplies an extra mechanism to produce gas reservoirs, and it is important to understand
the effects of water energies [22,23]. The core 4 is chosen to study the effects of different water invasion
energies. The gas production rate and original saturation pressure are 1000 mL/min and 30 MPa,
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respectively. The experiments to understand water invasion are conducted when only considering the
water elastic expansion effect, comprehensively water flexibility and elastic expansion of water soluble
gas. The water invasion versus gas recovery in different water invasion energies is shown in Figure 3.
From the result of Figure 3, we can see that water invasion with 3 times and 7 times aquifer are 0.021
PV and 0.055 PV when water invasion energy only considers the effect of water expansion. They are
far less than water invasion considering water elastic expansion and elastic expansion of water soluble
gas, which are 0.182 PV and 0.227 PV, respectively. The water invasion is very small with considering
water elastic expansion whether it is 3 times or 7 times aquifer. The decline range of recovery factor is
less than 5.0% compared with no aquifer. When the aquifer is 20 times, the dramatic phenomenon of
water invasion occurs [21]. While comprehensively considering water invasion energies, the water
invasion of 3 times aquifer is 0.182 PV and the recovery factor decreases by 17.6%, which has a strong
influence on gas production. Therefore, during the simulation of water invasion we should not only
consider the elastic expansion of water, but also consider the elastic expansion of water soluble gas.
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3.2. Effect of Different Aquifer Sizes

Nearly all gas reservoirs are surrounded by water-bearing rocks called aquifers [11]. The aquifer
size has an important effect on water invasion and gas production in gas reservoirs [6,10]. The core
3 is used to study the effects of water invasion with different aquifer sizes. The gas production rate
and original saturation pressure are 1000 mL/min and 30 MPa, respectively. The experiments of
water invasion without aquifer and with 3 times, 7 times and infinite aquifer are performed, and
the results are illustrated in Figure 4. From the result of the Figure 4a, it can be observed that the
bottom-hole pressure decreases linearly with recovery factor when there is no aquifer. The pressure
drop increases gradually with the increase of recovery factor, but the pressure drop is only 1.43 MPa
until the production ends, shown in Figure 4b. This suggests that gas seepage resistance is very small
without the edge-and-bottom aquifer and the recovery factor is high which can reach 83.26%.
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When there exists the edge-and-bottom aquifer, bottom-hole pressure changes with the increase
of recovery factor, and there is a concave change in Figure 4a. This is because the early water invasion
delays the decline of bottom-hole pressure. At the same recovery factor, the larger the aquifer is, the
larger the bottom-hole pressure is. This shows that the early water invasion with the edge-and-bottom
aquifer is the gas supply of energy, and the larger the aquifer is, the greater the energy supply is. In
the late water invasion, the seepage resistance increases and bottom-hole pressure drops rapidly due
to the existence of two phase flow. Thus, in the production and development of gas reservoirs, we
can reversely infer the strength of edge-and-bottom aquifer according to the change of bottom-hole
pressure so as to prevent the risk of water invasion. Moreover, there exists an obvious inflection point
between pressure drop of gas reservoirs with edge-and-bottom aquifer. The bottom-hole pressure
drops slowly before the point and the pressure drop increases slowly. However, the bottom-hole
pressure drops sharply after the point and the pressure drop rises sharply. The larger the aquifer
is, the lower the recovery factor is [20]. This is because it belongs to single-phase flow in the early
water invasion, and the gas-water interface is relatively stable. With an increase of water invasion, the
single-phase flow gradually shifts to the two-phase flow. Consequently, the seepage resistance and
pressure dropdown increases and the recovery factor reduces.

From the result of Figure 5, water invasion gradually increases with the increase of aquifer
size [4,11]. However, when the aquifer size increases to a certain value, the growth of water invasion
changes slowly. With the increase of aquifer size, the recovery factor increases then decreases, and the
recovery factor reaches the maximum with the 3 times aquifer. It shows that when the permeability is
0.1 mD, the small aquifer provides positive energy to gas reservoirs. Less water occupies the storage
space of gas reservoirs, which displaces partial gas and improves the recovery factor. With the increase
of aquifer size, water invasion energy increases. Water displaces gas and some gas will be trapped
through the breaker, flow around and water lock. When water invasion is mainly governed by trapped
gas, the recovery factor reduces.
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3.3. Effect of Different Production Rates

Gas production rate is a significant parameter in the development of gas reservoirs, which affects
water coning and ultimate recovery [11,13]. In order to study the effects of different production rates,
the core sample 2 is used to simulate water invasion in carbonate gas reservoirs. The aquifer size
and original saturation pressure are 7 times and 30 MPa, respectively. The effects of gas production
rates from 500 mL/min to 4000 mL/min are selected to simulate water invasion. Figure 6a,b shows
bottom-hole pressure and producing pressure drop versus recovery factor for different production
rates, respectively. It can be seen that when the recovery factor is less than 30%, the gas production rate
has less impact on bottom-hole pressure and pressure drop. In the middle and later period, the gas
production rate has a large effect on bottom-hole pressure and pressure drop. At the same recovery
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factor, the bigger the gas production rate is, the lower the bottom-hole pressure is and the larger the
pressure drop is. This suggests that the bigger the gas production rate is, the more that the water
invasion affects the recovery factor.
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Figure 7a,b shows water invasion versus time for different production rates and recovery factor
versus gas production rate, respectively. From the result, it can be known that water invasion changes
linearly with time in the same aquifer size, and the rate of water invasion approximates to a certain
value. This suggests that the water invasion of gas reservoirs with dissolved pores belongs to a uniform
advancing process. The greater the gas production rate is, the faster the water invasion is [4]. Gas
production rate increases from 500 mL/min to 4000 mL/min, and recovery factor decreases from
69.66% to 60.82%. The excessively high production gas rate goes against the recovery factor.
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3.4. Effect of Different Permeabilities

Permeability is a property of the reservoir rock that measures the capacity and ability of the
formation to transmit fluid [11]. The core samples with different permeabilities are conducted to
understand the effects of water invasion. The gas production rate and original saturation pressure
are 1000 mL/min and 30 MPa, respectively. The experiment results without aquifer and with 3 times,
7 times and infinite aquifer are illustrated in Figure 8a. From the result of Figure 8a, it can be seen that
the recovery factor increases gradually with the increase of permeability when there is no aquifer [21].
This is because the gas flow resistance in the low permeability core is far greater than its resistance in
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high permeability core, which is determined by the micro-pore structure characteristic of reservoirs.
The recovery factor of the low permeability core with 0.001 mD is 54.09%, and it is considerably lower
than that of 94.60% in high permeability with 10 mD. When the permeability is less than 0.1 mD,
the 3 times aquifer promotes gas production and the recovery factor can increase by 3.7~8.5%. Once
permeability exceeds 0.1 mD, water invasion reduces greatly, increasing the recovery factor, and the
decrease is between 20.07% and 35.90%. This shows that the greater the permeability is, the more the
aquifer size has an obvious effect on recovery factor at the same gas production rate. The gas reservoirs
with different permeabilities correspond to an optimum aquifer, which can maximize the recovery
factor. The lower the permeability is, the larger the corresponding aquifer is. The 0.1 mD core is 3 times
aquifer while the 0.01 mD core is 7 times aquifer.
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Figure 8b shows water invasion with different production rates between 500 mL/min and
4000 mL/min in the 7 times aquifer. When the permeability is 0.001 mD, gas production rate increases
from 500 mL/min to 4000 mL/min and the related recovery factor reduces from 64% to 45%. While
the permeability is 10 mD, gas production rate increases from 500 mL/min to 4000 mL/min and
recovery factor is almost kept at about 54%. This indicates that the increase of gas production rate
reduces the recovery factor of gas reservoirs, but the impact on recovery factor decreases with the
increase of permeability. Thus, in the low and extra-low permeability reservoirs, we should control
gas production rate in the development of gas reservoirs and extend production time so as to achieve
the high recovery factor while we should properly speed up gas production rate in the medium-high
permeability reservoirs.

3.5. Effect of Different Fractures

In carbonate gas reservoirs, the pore structure of carbonate rock is more heterogeneous, including
dissolved vugs, pores and fractures [26]. The existence of fractures has a strong influence on water and
gas flow in gas reservoirs [14]. The core samples without different fractures are selected to study the
effects of water invasion. The gas production rate is 1000 mL/min and original saturation pressure is
30 MPa, respectively. The experimental results without aquifer and with 3 times, 7 times and infinite
aquifer are provided in Figure 9. From the result of Figure 9a, it is seen that the recovery factor of core
6 is higher than that of core 3 when there is no aquifer [21]. This suggests that the existence of fractures
increases the discharge area of gas reservoirs when the permeability is close, which provides a prior
seepage channel and increases the recovery factor of gas reservoirs [21]. When the aquifer increases
from no aquifer to infinity, the recovery factor of core 6 decreases from 88.13% to 29.99%, which is far
higher than that of core 3. Figure 9b shows water invasion versus aquifer times for different fractures.
The water invasion of core 6 is less than that of core 3. When the core contains fractures, fractures
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are the main channels of water advance and small water influx can make recovery factor fall sharply.
Hence, we should depict and know the location of fractures and aquifer so as to keep away from the
connecting zone between fractures and aquifer in the well-spaced development of gas reservoirs.Appl. Sci. 2017, 7, 697  9 of 11 
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In order to understand the effects of production rates for different fractures, the core samples are
used to simulate water invasion from 500 mL/min to 4000 mL/min. The aquifer size is 7 times and the
original saturation pressure is 30 MPa. Figure 10 illustrates recovery factor versus gas production rate
for different fractures. From the result of Figure 10, it can be observed that the recovery factor of the
cores with dissolved pores decreases with the increase of gas production rate. The recovery factor of
the fracture cores increases and then decreases as gas production rate increases, and there exists an
optimal gas production rate. That is to say, the production rate of gas reservoirs is equal to the rate
which provides gas to fractures from base rocks. Thus, it is very significant to choose a reasonable
production rate in the development of fractured gas reservoirs.
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4. Conclusions

In this study, the experimental system of water invasion in gas reservoirs with edge and bottom
aquifer was established and the elastic expansions of water and water soluble gas were considered.
Seven full diameter core samples with dissolved pores and fractures were designed to simulate the
process of water invasion in carbonate gas reservoirs. Then the effects of the related reservoir properties
and production parameters were investigated. The following conclusions can be drawn from the
study: During the physical simulation of water invasion energy source and performance, the elastic
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expansions of water and water soluble gas have a great influence. The aquifer size, gas production rate
and permeability affects water invasion in gas reservoirs with dissolved pores. The bigger the aquifer
is, the higher the water invasion is, and the greater the energy of gas reservoir provided by aquifer is.
Moreover, the slower the bottom-hole pressure in early water invasion drops, the more quickly the
bottom-hole pressure drops in the latter. Gas reservoirs with different permeabilities correspond to an
optimum aquifer. The lower the permeability is, the larger the aquifer is. The higher the gas production
rate is, the faster the water invasion is. However, gas production rate has less influence on recovery
factor with the increase of permeability. The existence of fractures provides a prior seepage channel for
water invasion in fractured gas reservoirs. The water will advance rapidly along the fractures, and the
smaller water influx may result in a significant recovery factor.
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