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Abstract: The water blocking damage to the reservoir caused by the invasion of external fluid is one
of the main factors that affect the efficient development of tight sandstone gas reservoirs. In this paper,
microfluidic chip technology is used to explore the causes of water blocking damage in porous media
and find suitable recovery solutions. The research results show that reducing the gas-liquid capillary
pressure can effectively reduce the rate and quantity of spontaneous speed of cores. After chemical
treatment, the liquid phase fluidity of the non-fractured matrix core is increased by 1.72 times, and
that of the fractured core is increased by 2.13 times. In water wetting porous media, there are mainly
four types of liquid hold-up: (1) Liquid hold-up in the dead volume of a non-connected pore; (2) The
water phase in the pore throat with a small inner diameter cannot be driven away due to its larger
capillary pressure; (3) Adsorption viscous force, the wetting phase is adsorbed on the surface of the
solid phase; (4) Reservoir heterogeneity. The water blocking damage can be removed to a certain
extent by changing the gas injection pressure, the gas injection method, or adding a wetting modifier.

Keywords: microfluidic technology; water blocking damage; removal methods; wettability; nano-
emulsion

1. Introduction

With the increase in worldwide energy consumption, developers try to realize yield
maximization through modern technologies such as horizontal wells and high-temperature
well drilling. An increasing number of technologies are used for the exploitation of un-
conventional oil and gas resources, and they can increase the oil drainage area near the
wellbore and reduce the oil and gas seepage resistance. Currently, unconventional gas
resources are playing an increasingly major role in supplying energy demand. At present,
in the United States, unconventional natural gas production accounts for nearly 45% of the
existing resources, including 70% of the undeveloped tight sandstone natural gas [1,2]. Dur-
ing the hydraulic fracturing of tight oil-gas reservoirs, a great quantity of water is pumped
into the formation, but less than half of the water can be flowed back [3–5]. After fracturing,
much water remains in fractured tight reservoirs [6], and residual water in the fracture
network can reduce fracture diverting capacity. However, water intrusion in the reservoir
matrix can generate “water blocking damage” and reduce hydrocarbon flow [7,8]. New
chemicals are added to the fracturing fluid to increase the flowback rate in the fracturing
process to reduce the “water blocking damage”. The formation of “water blocking damage”
consists of two stages during fracturing to flowback completion (Figure 1).

(1) In tight sandstone gas reservoirs, the sentence was revised, pls refer to L44–45.
“Generally, the initial saturated water (Swi) in tight sandstone gas reservoirs is lower
than itself irreducible water saturation (Swir) when it is not exploited [9].” At this time,
there is overpressure capillary pressure in the reservoir, which is in an ultra-low water
content condition. When the external fluid contacts the reservoir, it is easily sucked into the
pores. During fracturing, the injected fluid will sweep into the formation and reduce the
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relative permeability of invasive gas, making the gas permeability near fractures to 0 mD.
According to the capillary pressure equation, when the surface tension σ of fluid-gas is
reduced and the three-phase contact angle θ of rock/fluid/gas phase approaches 90◦, the
initial supercapillary pressure can be decreased so as to reduce the initial self-absorption
and water blocking damage [10].
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(2) After fracturing, the fracturing fluid and other external fluids do not flow back in
time, and the tight sandstone pore-throat capillary resistance generates much fracturing
fluid to stay in the reservoir, resulting in “water lock damage”. During the discharge
process, the liquid is gradually discharged from the large capillary to the small capillary,
and the discharge speed is gradually reduced. This is because the throat radius of the tight
gas reservoir is small, the pores are bent obviously, the specific surface area is large, the
liquid absorption capacity is strong, the liquid drainage is difficult, and the water phase
trap is seriously damaged, which is difficult to remove effectively [11–14].

In summary, the best way to reduce the water blocking damage is to reduce the surface
tension of fluid/gas, and the gas/liquid/solid three-phase contact angle. In addition,
the three-phase contact angle of the rock/inflow liquid/gas phase should access to 90◦,
where σ and θ are capillary pressure-related parameters [15]. Li and Firoozabadi (2000)
first used fluorine-containing chemicals to transform the wettability of the reservoir rocks
into gas-phase wettability. At the same time, the influence of wettability transition on
reducing core liquid saturation is studied by a wetting angle test, self-absorption, and
core-flow experiments [14]. After that, Noh and Firoozabadi used alcohol-based surfactants
to make the reservoir rocks have gas-phase wettability [14]. Sharifzadeh et al. developed
a polymer surfactant with fluorine groups to make the rock surface hydrophobic [16].
Karandish, Rahimpour et al. improved the wettability of carbonate reservoirs through
anionic fluorochemicals [17] and analyzed the adsorption of chemical agents on the rock
surface by SEM (Scanning Electron Microscope) and EDX (Energy Dispersive X-ray Detec-
tor) methods. Aminnaji et al. and Erfani Gahrooei et al. wetted and altered carbonate and
sandstone reservoir rocks through water-based fluoride nano-emulsion. The results show
that nano-emulsion increases fluid flow and makes the rock surface hydrophobic [18,19].

Fluorocarbon surfactants are problematic due to their high price and environmental
concerns, so they have not been widely adopted and used, and they are currently still in
the experimental laboratory stage. Consequently, it is specifically required to develop non-
fluorocarbon nanosurfactants for tight sandstone gas reservoirs. In this study, the causes of
water blocking damage in porous media will be explored by microfluidic technology, and
then, the environmentally friendly CNDAD1# nanoemulsion for removing water blocking
damage was synthesized through a nanodispersion emulsion method [20,21]. Next, the
basic physical and chemical characteristics of the nano-emulsion were evaluated, such as
surface tension measurement, wettability change, spontaneous imbibition experiment, core
flooding experiment, etc. Finally, the removal method will be explored by microfluidic
technology to find out more causes of water blocking damage in porous media and a better
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way to remove it. It can provide visual and intuitive results for other researchers with
similar problems for reference.

2. Microfluidic Chip Technology
2.1. Microfluidic Introduction

Microscopic visualization experimental research simulations include 1D, 2D, and 3D
(as shown in Figure 2). Among them, the 2D visualization experimental model (also known
as the microfluidic chip model) is simple to make, easy to operate, and can be reused, and
has attracted researcher attention [22]. As early as 1952, microfluidic technology had been
applied in the petroleum industry. Chatenever et al. [23] used a glass-made porous media
displacement model and observed the microscopic distribution of remaining oil during the
displacement process through microscopic magnification. The fluid flowing in micro-nano
scale space is usually called micro-nano fluid, and the related technology of micro-fluid
displacement control under a low Reynolds number or laminar flow conditions in the
micro-nano scale channel is called micro-fluidic technology [24].
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laws [22].

In a reservoir, fluid flow is affected by many factors, including gravity, capillary
pressure, pore throat structure, viscous force, and driving force [24]. The current micro-
scopic models include idealized grid models and complex structural models with tortu-
ousness [25]. The idealized model does not consider the influence of pore throat structure
and the influence of gravity. It can observe the changes in the three-phase contact surface
after wetting modification. However, under high driving force, the liquid phase in the
model is easy to be completely displaced, and the additional resistance effect in tortuous
porous media cannot be simulated. In contrast, the complex structure model was made
according to a real core pore throat, which includes tortuousness structure. In the complex
structure model, the gas-liquid two-phase flow is mainly driven by capillary pressure when
the external driving force is small, and the flow is also influenced by additional resistance.
When the external driving force is large, the gas-liquid two-phase flow is mainly dominated
by the driving force. Therefore, it is more reasonable to simulate the removal effect on
water blocking damage of nano-emulsion under different forces.

2.2. Microfluidic Equipment

In this paper, microfluidic chip models, including an idealized pore structure mesh
model and a complex tortuous structure model, were used to study the microscopic
distribution of gas flooding liquid phase before and after the nano-emulsion solution
was injected. The inner diameter of the idealized pore structure mesh model is 10 µm (as
shown in Figure 3a, and the inner diameters of the complex tortuous structure model are
50 µm and 200 µm, respectively (as shown in Figure 3b,c).
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Figure 3. Different types of microfluidic chip models. (a) Idealized pore structure mesh model, 10 µm;
(b) Complex tortuous structure model, 50 µm; (c) Complex tortuous structure model, 200 µm.

The microfluidic control apparatus is shown in Figure 4, which mainly includes: (1) A
Leica M165FC optical microscope, which is mainly used to observe the gas-liquid seepage
and distribution in the microfluidic chip; (2) The objective table and the microfluidic chip.
The manufactured microfluidic chip was placed on the objective table and fixed in place
using the fixing device to prevent the microfluidic chip from sliding during the experiment;
(3) A neMESYS type gas constant speed/pressure micro flow pump, which has a small
gas flow and can be smartly adjusted and controlled. Connect the gas-liquid buffer tank,
and the constant gas flow pumps the liquid in the intermediate tank into the micro flow
control chip [26]; (4) Gas/liquid intermediate tank. When the microfluidic chip is saturated
with liquid, the intermediate tank is filled with fluid up to 2/3; when the microfluidic
chip simulates the gas flooding liquid phase, the intermediate tank contains no liquid,
gas flow pump driving the gas in the intermediate tank to the microfluidic chip, and then
displaces the liquid in the chip; (5) The equipment control and data acquisition system was
mainly composed of micro-magnification pictures and video, and the software controls the
size of the gas injection valve for speed control of the gas flow pump. Note, the gas used
is nitrogen.
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2.3. Experiment Procedure

(1) Outline of the process for building the microfluidic chip. Select a core of the target
block and cut it into thin slices; the pore throat structure of the core slices is imaged by the
micro-imaging technology, and the contour of the obtained core pore throat structure is
clearer by using the image processing software. The microfluidic chip simulating porous
media is obtained by the application of the obtained simulation chart on etching glass.

(2) The experimental study on the formation cause analysis of water blocking in
porous media. Firstly, the obtained microfluidic chip is installed on the objective table and
connected with the gas injection pump. Use a 5 mL syringe to fill the distilled water mixed
with dye into an intermediate tank. Turn on the micro-camera and gas flow pump control
software, and displace the liquid in the intermediate tank to the chip at a constant flow
rate of 500 mbar to ensure that the pores in the chip are completely saturated with liquid.
Close the gas flow pump, dump the liquid in the intermediate tank and reconnect the gas
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flow pump; restart the gas flow pump and pump the gas into the chip at a certain flow rate
to simulate gas flooding in porous media. The causes of water blocking were analyzed in
different porous media and were studied with different types of microfluidic chips.

(3) Exploration of water blocking damage removal method in porous media. This
series of experiments includes the exploration of water blocking damage removal methods
before and after using nano-emulsion treatment.

Water blocking damage removal method before using nano-emulsion treatment. First,
saturate the microfluidic chip completely with dyed distilled water following step (2), and
then displace the saturated microfluidic chip with gas at various injection rates under
500 mbar, 1000 mbar, 2000 mbar, and 3000 mbar, respectively. Observe the liquid phase
retention and distribution situation in the chips under each pressure. Before the gas
flooding, make sure the chips are completely saturated with dyed distilled water. Alter
the gas injection pressure under 500 mbar and 3000 mbar into impulse type, and the gas
injection time interval was 2 s between closing and opening; the liquid phase retention
and distribution in the chip during pulse gas injection were observed. Alter the types of
microfluidic chips, and the liquid phase retention in the chip was studied by the same
method with different gas injection pressures and gas injection modes; the liquid phase
retention situation in different microchips was compared to explore the method of removing
water blocking damage before nano-emulsion treatment.

Water blocking damage removal method after using nano-emulsion treatment. First,
the 0.5 wt% CNDAD1# nano-emulsion fluid was prepared. The microfluidic chip was
saturated with the nano-emulsion fluid following the same method as step (2), and the chip
was left to age for 24 H. The nano-emulsion-treated chip was displaced with gas under
500 mbar, and liquid phase retention in the chip was observed after chemical treatment.
After displacement, the dyed distilled water was saturated into the chip at a constant flow
rate of 500 mbar to observe the saturated liquid phase ability of the porous media in the
chip after the wetting modification. Change for a different type of chips, observe the liquid
retention in different types of chips after chemical treatment, and explore the effect of
nano-emulsion to remove water blocking damage.

(4) The percentage calculation of the remaining liquid phase in the model. The obtained
microfluidic chip was processed into images of the same size. ImageJ software was used
to calculate the pixel points of the dye liquid phase in the microfluidic chip at different
experimental stages [26]. According to the proportion of remaining pixel points in the dye
liquid phase in the model, the removal methods of water blocking damage were evaluated.

3. Results and Discussion
3.1. Causes of Water Blocking Damage in Porous Media

The microfluidic chip is made of glass quartz. Before the chemical treatment, the
surface of the inner hole and throat is water phase wetted. Figure 5 shows the liquid
retention and distribution of saturated dyed distilled water in a 200 µm model after the
application of under 500 mbar of gas. Figure 6 shows the liquid retention and distribution
of saturated dyed distilled water in a 50 µm model after the application of 500 mbar of
gas. According to the experimental results in Figures 5 and 6, the liquid phase wetting
microfluidic model can fully saturate the dyed distilled water, and the constant pressure
gas cannot completely displace the aqueous phase in the chip model. The comparison of
the 200 µm model and the 50 µm model shows that the liquid retention in smaller inner
diameter or bigger tortuosity chip model is more. Due to the fact that capillary resistance is
larger for smaller inner diameter chips, the gas easily generates gas channeling when the
gas is flooding the liquid ((Figure 5c) as compared with Figure 6c) [20,21].

Further analysis of the 50 µm microfluidic model in Figure 6c shows that there are
mainly four kinds of liquid phase retention in the water wetting capillary model: (1) Liquid
phase retention in the dead volume of a nonconnected pore, as shown in Figure 7a; (2) When
the inner diameter of the pore is changed, the “Jamin effect” is formed between the gas
and the liquid phase (When a water droplet passes through a small pore throat from a
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pore throat, the water droplet is elongated and deformed, and the deformation generates
additional energy consumption, slowing or hindering the flow of the water droplet. This
phenomenon of additional resistance is called the “Jiamin effect”) [22]. The larger capillary
pressure in the pore throat with a smaller inner diameter makes the liquid phase hard
to be displaced, as shown in Figure 7b; (3) Viscous force, the wetting phase is adsorbed
on the surface of the solid phase, as shown in Figure 7c; (4) Reservoir heterogeneity, gas
channeling formed in the process of the gas flooding the liquid, resulting in water phase
retention in the relatively low permeability pore throat, as shown in Figure 8. Figure 9
shows the liquid phase retention situation in the homogeneous model. When the liquid
phase is driven by gas, gas can be evenly pushed, so there is no channeling, and most of
the liquid phase can be driven out of the model, and only a small amount of wetting phase
adsorbs the retained water phase at the groove.
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3.2. Methods to Remove Water Blocking Damage in Porous Media

Different methods have been implemented to explore the removal of water blocking
damage in porous media, as explained below. Since the experimental device does not have
a gas flow meter, the gas injection volume and injection time are not measured. In each
stage of the experiment, the experiment ends when the water content in the model remains
unchanged during constant pressure flooding.

3.2.1. Change Gas Injection Pressure

In this section, the air injection pressure was set to 3000 mbar, 2000 mbar, 1000 mbar,
and 500 mbar, respectively, which simulated the effect of injected gas pressures on water
phase retention. The experimental results are shown in Figure 10. Compare the experi-
mental results in some areas, as shown in Figure 11, with the reduction in the gas injection
pressure, liquid retention volume gradually increases. The retained liquid was mainly
gathered in the region of the smaller pore radius, which shows that gas cannot flood the
water inside the small pore under low pressure; most of the injected gas is channeling
from larger pore throats. Therefore, in the field production, the water phase trapped near
the wellbore can be driven into the wellbore by appropriately increasing the production
pressure difference between the formation and the wellbore; in this way, the water blocking
damage can be removed to a certain extent.
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3.2.2. Change Gas Injection Methods

In this part, the effect of water blocking removal under two modes of pulse gas
injection and constant pressure gas injection was explored. A 200 µm model was used in
this part for pulse gas injection under 500 mbar and 3000 mbar. The experimental results
are shown in Figure 12a,b. By comparing the water phase retention situation in the red line
area, it can be seen that the water blocking damage can be removed to a certain extent under
500 mbar and 3000 mbar by means of pulse gas injection, and the water phase retention
can be further reduced. At the same time, high-pressure displacement can take more water
phase away, and the water blocking damage removal effect is better than low-pressure
displacement. In the field production, the flow disturbance formed due to interval opening
and closing, the water phase which cannot flow in the porous medium can be pushed, and
through which achieve the water blocking damage removal effect.
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3.2.3. Nano-Emulsion Changes Wettability

It is generally believed that the bounded water saturation Swirr is higher than the initial
water-saturated state Swi in the reservoir, which means that the reservoir is in an ultra-low
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water content state, and there is excess capillary pressure. When the external fluid contacts
the reservoir, it is easily sucked into the pores [20,21]. External flow volume penetrates
into the formation and reduces the relative permeability of natural gas during reservoir
development. [10,15] According to the capillary pressure in porous media, reducing the
initial excess capillary pressure, thereby reducing the initial spontaneous infiltration volume
and water plugging damage, can be achieved by decreasing the surface tension σ of
intrusive liquid and gas or the three-phase contact angle θ of rock/intrusive liquid/gas
close to 90◦. However, when the external fluid enters the reservoir, the nano-emulsion in
the liquor is sopped on the reservoir surface, and the wettability of the reservoir surface is
modified from water phase wetting to gas phase wetting, which is conducive to improving
the seepage capacity of gas flooding liquid phase, thus, achieving the effect of removing
the water blocking damage [20,21,27].

(1) Nano-emulsion wetting fluid synthesis composite map

Nano-emulsion CNDAD1# was synthesized by a nanodispersion emulsion method,
which was mainly composed of a water phase, oil phase, and surfactant. CNDAD1#
is formed by adding nano oil droplets (i.e., nano micelles) to the dilute suspension of
brine. CNDAD1# is composed of about 10% alkanes and/or alkenes (oil core of micelles),
30–50% nonionic surfactants (such as ethoxylates) stabilized micelles, and 20–40% ethanol
(cosolvent). The original solution was diluted to 0.00–0.50 wt% (wt = Weight) and mixed
with 2 wt% KCl in distilled water as CNDAD1# auxiliary fracturing fluid. CNDAD1# is
a microemulsion with good stability at room temperature, [28], which is instrumental in
the preparation and transportation of fluids. Figure 13 shows a flow path of the synthesis
method [29–35].
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The diameters of the nanoparticles were 160.8 nm and 160.9 nm, respectively (Figure 14).
The tight sandstone reservoir pore throat size is small, one of the prerequisites to achieve
its injectability is to meet the gas wetting chemical agent with nanometer size.
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(2) Surface Tension Test

During the hydraulic fracturing process, when the outside liquid contacts the tight
sandstone for the first time, the nano-emulsion in the solution does not completely ad-
sorb on the rock surface. According to the capillary pressure equation, the resistance of
liquid entering the reservoir decreases with the decrease in gas-liquid surface tension,
which is beneficial to the penetration of fluid deeper into the reservoir and the release
of nano-emulsion in solution, so as to realize a deep improvement. As a consequence, it
is particularly important to develop nano emulsions that can reduce the surface tension
of injected liquids. Figure 15 shows that the surface tension of “air water” tested in the
laboratory is 72.71 mN/m without any chemical reagent; the result standard deviation is
1%~3%. When the concentration of nano emulsion in the solution is 0.05 wt%, the surface
tension of “air water” is 31.08 mN/m. When the concentration of nano emulsion reaches
0.5 wt%, the surface tension of “air-water-rock” is 28.14 nN/m, and the rate of decline is
not obvious. Compared with water, however, when the concentration was 0.05 wt%, the
surface tension of the solution decreased by 43.67 mN/m, significantly reducing the surface
tension of the “air-water-rock”.
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(3) Wetting modification

Figure 16 shows the “air-water-rock” static contact angle tested of rock slice after
soaking in 0.5 wt% nano-emulsion at different times. The testing time was 0 h, 6 h, 12 h,
24 h, and 48 h, respectively, and the corresponding average contact angles were 38.5◦,
95.3◦, 104.4◦, 112.9◦, and 126.0◦, respectively. The results show that as the soaking time
increases, the “air-water-rock” contact angle on the sandstone surface rises gradually. When
the soaking time was 6 h, the average contact angle changed the most, increasing from
38.5◦ to 95.3◦. With the increase in soaking time, the water phase became the non-wetting
phase. The change of contact angle gradually decreases with the increase in soaking time,
indicating that the adsorption quantity of the chemical agent on the sandstone surface
gradually attains a kinetic equilibrium [27,28,36].

(4) Spontaneous Imbibition Experiment

From the results of an air brine spontaneous imbibition test in Figure 17 (the result
standard deviation is 5%), it is found that 0.3608 g of water infiltrates into the rock. After
the wettability is changed, the water absorption weight is reduced to 0.0453 g. From the
results of the imbibition rate test of air-brine in Figure 18 (the result standard deviation is
5%), it is found that the spontaneous imbibition rate of the core drops sharply from the
beginning to 0 g/min before and after wettability change. After chemical treatment, the
maximum imbibition rate decreased from 0.0532 g/min to 0.0036 g/min.
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(5) Core Flowing Pressure Drop Curve

Through the core flow experiment of CNDAD1# nano solution on fractured and non-
fractured cores, the permeability and drainage effects of each stage were tested, indicating
its effect on the two cores. Combined with the scanning results of GE Brivo CT385, the water
phase distribution in different stages of the core was observed. The physical properties of
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cores show that the gas permeability of the undried core is 1.2637 mD, and the porosity
is 4.54%. The gas permeability of the dry fracture core is 41.8356 mD, and the porosity
is 6.61%. According to the displacement curve of the core flow experiment, as shown
in Figure 19a,b, the injection pressure curves of the two cores after salt water chemical
treatment are lower than those before chemical treatment [36–41]. Moreover, due to the
large injection pressure difference before and after chemical treatment, CNDAD1# nano
solution also has excellent injection performance in tight sandstone. At the same time, the
significant decline of displacement pressure is due to the change of wettability of sandstone
core into gas wettability, resulting in the increase in relative permeability of the terminal
liquid phase. The stable injection pressure of the undried core before and after treatment
was 1.127 MPa and 0.657 MPa, respectively, indicating that the liquid phase fluidity after
treatment was increased by 1.72 times. The stable injection pressures before and after
the chemical treatment of salt water in dry fracture cores were 0.501 MPa and 0.235 MPa,
respectively, and the liquid flow rate increased by 2.13 times.
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(6) Exploration on water blocking damage removal method by nano-emulsion

Taking 50 µm as an example, the model was saturated with 0.5 wt% CNDAD1# nano-
emulsion fluid and aged for more than 24 h. Then the model underwent gas flooding under
500 mbar, then compare the liquid phase distribution diagram after the gas flooding with
that before the chemical treatment to analyze the effect of nano-emulsion on improving
the drainage rate. The liquid phase pixel ratios at different stages were calculated by
ImageJ software. Taking all the pore throats in Figure 20a as the reference pixel points, the
liquid phase ratio was 98.71%, 14.93%, and 73.66%, respectively, in Figure 20b–d (the result
standard deviation is 5%). Due to the presence of a certain dead volume in the porous
medium, the nano-emulsion fluid cannot be completely saturated. Therefore, the saturated
liquid phase accounts for 98.71% rather than 100% of the pore volume in Figure 20b. After
the surface of porous media was wetting modified by nano-emulsion, the retained liquid
proportion obtained by low-pressure gas flooding accounted for 14.93%, which means
nano-emulsion has a significant effect on reducing the liquid saturation in porous media.
After the gas flooding, the model is difficult to be re-saturated with the water phase because
of the wetting modification of the pore throat wall, so only the well-connected channels
achieve a certain amount of saturation, accounting for about 73.66% of the pore volume.
The results show that the nano-emulsion has a good effect in removing the retained water
from the model.
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Figure 20. Evaluation of the effect of nano-emulsion in removing water blocking damage in 50 µm
model. (a) The model before liquid-saturated; (b) The chip saturated with nano-emulsion fluid;
(c) The chip after gas drive saturated brine under 500 mbar; (d) The chip resaturated aqueous phase
under 500 mbar.

4. Conclusions

The results of microfluidic experiments show that there are mainly four types of
reasons which lead to the liquid phase retention in water wetting porous media: dead
volume of the non-connected pore, the inner diameter of the pore is changed, viscous force,
and reservoir heterogeneity. The nano-emulsion can change the surface of the microfluidic
model from water-wetting to non-water-wetting, and reduce the gas-liquid surface tension.
After the nano-emulsion treatment, the liquid phase fluidity increased 1.72 times and
2.13 times in the unfractured core and fractured core. During the gas displacement, more
retained water phase can be taken out of the model. In the next step, it is necessary to further
study the effect of nano-emulsion on the four types of water retention in porous media.
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