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Abstract
After hydraulic fracturing treatment, a reduction in permeability caused by the invasion of fracturing fluids is an inevitable 
problem, which is called water blocking damage. Therefore, it is important to mitigate and eliminate water blocking damage 
to improve the flow capacities of formation fluids and flowback rates of the fracturing fluid. However, the steady-state core 
flow method cannot quickly and accurately evaluate the effects of chemical agents in enhancing the fluid flow capacities in 
tight reservoirs. This paper introduces a time-saving and accurate method, pressure transmission test (PTT), which can quickly 
and quantitatively evaluate the liquid flow capacities and gas-drive flowback rates of a new nanoemulsion. Furthermore, 
scanning electron microscopy (SEM) was used to analyze the damage mechanism of different fluids and the adsorption of 
chemical agents on the rock surface. Parallel core flow experiments were used to evaluate the effects of the nanoemulsion 
on enhancing flowback rates in heterogeneous tight reservoirs. Experimental results show that the water blocking damage 
mechanisms differ in matrices and fractures. The main channels for gas channeling are fractures in cracked cores and pores in 
non-cracked cores. Cracked cores suffer less damage from water blocking than non-cracked cores, but have a lower potential 
to reduce water saturation. The PTT and SEM results show that the permeability reduction in tight sandstones caused by 
invasion of external fluids can be list as guar gum fracturing fluid > slickwater > brine. Parallel core flow experiments show 
that for low-permeability heterogenous sandstone reservoirs with a certain permeability ratio, the nanoemulsion can not only 
reduce reverse gas channeling degree, but also increase the flowback rate of the fracturing fluid. The nanoemulsion system 
provides a new solution to mitigate and eliminate water blocking damage caused by fracturing fluids in tight sandstone gas 
reservoirs.

Keywords  Hydraulic fracturing · Water blocking damage · Nanoemulsion · Pressure transmission test · Liquid flow 
capacity · Flowback rate

1  Introduction

As the global demand for oil and gas increases, more and 
more advanced technologies are investigated to maximize 
production, such as horizontal well drilling and fracturing. 
Unconventional natural gas resources play an increasingly 

important role in the current energy supply, meanwhile in 
unconventional reservoirs, new techniques are especially 
important to improve oil/gas recovery. At present, unconven-
tional natural gas production in US accounts for more than 
43% of the total gas production, of which the natural gas 
from tight sandstones accounts for approximately 70% and 
most reservoirs have not yet been developed (Khlaifat et al. 
2011). Due to the low natural productivity of a single well, 
horizontal drilling and fracturing are used to promote reser-
voir stimulation, achieving economic exploitation. However, 
the fracturing fluid cannot flow back immediately and large 
amounts of fracturing fluids would retain in the formation, 
thereby damaging the formation permeability due to water 
blocking damage and then significantly reducing the produc-
tivity of gas wells (Bahrami et al. 2012; Dutta et al. 2012; Li 
et al. 2015, 2020; You et al. 2018; Zhang et al. 2018).

Edited by Yan-Hua Sun

 *	 Fu‑Jian Zhou 
	 zhoufj@cup.edu.cn

1	 Unconventional Natural Gas Institute, China University 
of Petroleum (Beijing), Beijing 102249, China

2	 State Key Laboratory of Petroleum Resource 
and Prospecting, China University of Petroleum (Beijing), 
Beijing 102249, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12182-020-00482-6&domain=pdf


	 Petroleum Science

1 3

Researchers have conducted extensive studies of the 
causes and solutions of water blocking damage in tight 
sandstone gas reservoirs. Because the drilling fluid, com-
pletion fluid, fracturing fluid, or other external fluids are 
difficult to flow back after invading during the exploitation 
of oil and gas reservoirs, the water saturation of the res-
ervoir increases and the oil and gas phase permeabilities 
decrease, which is the definition of water blocking damage 
(Shao et al. 2010; Lei et al. 2017; Meng et al. 2019). The 
causes of water blocking damage in gas reservoirs can be 
divided into the following types: (1) Water phase perme-
ability around the irreducible water is decline; (2) high cap-
illary pressure of external fluids in the formation (Bybee 
2007), and (3) gas flooding fingering issue caused by the 
reservoir heterogeneity. Currently, the main way to solve 
the water blocking problem is to alter the reservoir wet-
tability by injecting chemicals into the formation. Li and 
Firoozabadi (2000) altered the rock wettability to gas-wet 
using fluorinated chemicals and studied the reduction in 
core liquid saturations through wetting angle tests, imbibi-
tion experiments, and steady-state core flow tests (Li and 
Firoozabadi 2000). Since then, Noh and Firoozabadi used 
alcohol-based surfactants to alter the wettability of reservoir 
rocks (Noh and Firoozabadi 2008). Sharifzadeh et al. (2013) 
developed polymer surfactants containing fluorine groups to 
make the rock surfaces amphiphobic. Karandish et al. (2015) 
used anionic fluorine chemicals to improve the wettability of 
carbonate reservoirs and analyzed the adsorption properties 
of chemicals with SEM and EDX. Aminnaji et al. (2015), 
Gahrooei and Ghazanfari (2017) and Liu et al. (2015) used 
water-based fluorinated nanoemulsion to alter the wettability 
of carbonate and sandstone reservoirs and results showed 
that nanoemulsions altered the rock surfaces to be water- and 
oil-repellent and at the same time increased liquid mobility.

The above studies are based on the steady-state core flow 
method performed on high-permeability cores. However, 
when this method is used to test low-permeability cores, 
a long period of time is required to reach the equilibrium 
between the fluid and the core to make sure that Darcy’s 
law is valid. Furthermore, microscale effects tend to exist 
in low-permeability rocks, decreasing the accuracy of this 
method (Liang et al. 2018; Zhang et al. 2019). This paper 
introduces the pressure transmission test (PTT), which can 
quickly and accurately evaluate the improvement of the 
new nanoemulsion in the gas flooding flowback effect and 
the liquid flow capacity in tight sandstone reservoirs. This 
method was first proposed by Brace et al. (1968) and used to 
measure the permeability of Westerly granite. Then several 
researchers improved the method in many respects and pro-
posed a universal law of dimensionless pressure versus time, 
which has been widely used in the petroleum industry (Lin 
1977; Hsieh et al. 1981; Dicker and Smits 1988). In addi-
tion, although surfactants can alter the gas–liquid surface 

tension and reservoir wettability, it cannot effectively miti-
gate the problem of gas channeling caused by heterogene-
ity. Therefore, there is still water remains in those relatively 
low-permeability zones, which affects gas well productivity. 
Nanoemulsions not only can effectively reduce the gas–liq-
uid surface tension but also alter the surface wettability. At 
the same time, the nanoemulsions, with a specific particle 
size, preferentially enter high-permeability reservoirs and 
adsorb on sandstone surfaces, thus reducing the pore-throat 
diameters. This behavior improves the reservoir heterogene-
ity and mitigates the gas fingering (Wang et al. 2019a, b).

In this study, the relationships between gas permeability 
and water saturation are tested to determine the reasons for 
water blocking damage in both non-cracked and cracked 
tight sandstone cores. The basic physical and chemical prop-
erties of the nanoemulsion are evaluated, and its improve-
ment in flow capacity of fracturing fluids is tested by PTT. 
Parallel core flow experiments are also conducted to evaluate 
whether the nanoemulsion can improve the flowback rate 
and the liquid capacity of gas flooding. The nanoemulsion 
provides a solution to removing water blocking damage in 
tight sandstone gas reservoirs.

2 � Experimental

2.1 � Core preparation

Experiments were performed on four types of core samples: 
(1) Low-permeability core samples and (2) cracked core 
samples were used to evaluate water blocking damage to 
tight sandstone reservoirs. The cracked core samples were 
made by manual splitting. (3) Parallel cores were a group of 
tight sandstone cores with different permeabilities and used 
to study the effect of nanoemulsion on improving reservoir 
heterogeneity and reducing the fingering of gas flooding. (4) 
Core samples used for the pressure transmission test (PTT) 
were taken from the same core column and their perme-
abilities are similar. All the cores were taken from the Dixi 
block in the Tarim Oilfield, with a depth of 4762.79 m. The 
process of preparing core samples for pressure transmission 
test is shown in Fig. 1. Tables 1, 2 and 3 list the information 
about all core samples used in this study.

2.2 � Experimental fluids

2.2.1 � Mimicked formation brine

Mimicked formation brine (2.00 wt% KCl solution) was 
used to measure the initial liquid permeability of core sam-
ples and also used to prepare other types of fluids. The den-
sity, viscosity, and salinity of the formation water are 1.02 g/
cm3, 1.01 mPa s, and 20,000 mg/L, respectively.
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Fig. 1   The process of preparing core samples for pressure transmission tests

Table 1   Information on core samples used to evaluate water blocking damage

Core No. Dimensions Initial gas permeabil-
ity, 10−3 μm

Porosity, % Pore volume, cm3 Test

Diameter, cm Length, cm

1 2.498 4.986 0.1785 3.112 0.7601 Water block 
damage to 
non-cracked 
cores

2 2.496 4.987 0.3623 3.486 0.8502
3 2.493 4.985 0.4848 3.213 0.7814

4 2.499 4.989 64.50 5.245 1.2828 Water block 
damage 
to cracked 
cores

5 2.498 4.987 92.40 6.263 1.5299
6 2.501 4.983 146.21 7.125 1.7433
7 2.498 4.989 250.40 8.231 2.0115

Table 2   Information on core samples used in parallel core flow experiments

Core No. Dimensions Initial liquid permeability (brine with-
out nanoemulsion), 10−3 μm

Porosity, % Pore volume, cm3

Diameter, cm Diameter, cm

P-1/H 2.493 4.989 0.2158 5.328 1.2969
P-1/L 2.496 4.987 0.03459 4.432 1.0809
P-2/H 2.498 4.989 0.6936 5.835 1.4260
P-2/L 2.499 4.986 0.08112 3.389 0.8284
P-3/H 2.498 4.987 1.6102 6.387 1.5602
P-3/L 2.501 4.987 0.2182 4.394 1.0760

Table 3   Information on core samples used in PTT

Core No. Dimensions Initial liquid permeability (working fluid 
without nanoemulsion), 10−3 μm

Porosity, % Pore volume, cm3

Diameter, cm Diameter, cm

PTT-1 2.496 0.987 0.0142 4.213 0.2034
PTT-2 2.498 0.986 0.0077 3.113 0.1504
PTT-3 2.499 0.992 0.0031 3.431 0.1669
PTT-4 2.493 0.989 0.0008 3.032 0.1669
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2.2.2 � Nanoemulsion

The nanoemulsion was prepared at room temperature and the 
procedures are as follows: firstly, polyoxyethylene ether sur-
factants, cyclohexane, and water were mixed in a mass ratio 
of 1:2:2; then the mixture was placed in an ultrasonic vibra-
tor and shaken at 100 Hz for 15 min to form an oil-in-water 
emulsion. Among them, the dispersed phase is cyclohex-
ane (oil), the continuous phase is water, and the surfactant 
belongs to pure substance polyoxyethylene ethers. As the 
nanoemulsion is synthesized from microemulsion, so it has 
long-term stability at room temperature (Eastoe et al. 1990), 
which will benefit transportation and fluid preparation. The 
synthetic method is shown in Fig. 2.

2.2.3 � Hydraulic fracturing fluids

The slickwater fracturing fluid (SWF) is composed of 
0.05 wt% drag reducer and 2.00 wt% KCl, which is prepared 
based on the formulation used in oil fields. The viscosity 
of slickwater is 1.12 mPa s, which is close to that of water.

The guar gum fracturing fluid (GGF) includes 0.50 wt% 
hydroxypropyl guar gum, 0.30 wt% crosslinking stabilizer, 
0.40 wt% crosslinker, 0.10 wt% gel breaker, and 2.00 wt% 
KCl powder, which is prepared based on the formulation 
used in oil fields.

Two sets of fluids were prepared for each fracturing fluid 
in this study. The first set of fluids was prepared based on 
the formulation used in oil fields, i.e., without any nanoe-
mulsion. The second sets of fracturing fluids were prepared 
by adding nanoemulsion to the first set of fluids to evaluate 
the effect of nanoemulsion on the removal of water block-
ing damage, in which the nanoemulsion concentration was 
0.30 wt% in the fracturing fluid.

Before use the two sets of guar gum fracturing fluid were 
placed in a water bath and heated at 80 °C for 4 h until the gel 
was completely broken up. The unbroken guar gum fractur-
ing fluid had a stable viscosity of 100 mPa s after shearing at 

170 s−1 for 1 h at 120 °C. The broken fracturing fluid had a 
viscosity of 1.25 mPa s.

2.3 � Experimental methods and procedures

2.3.1 � Water blocking damage evaluation

Hydraulic fracturing is a process through which a large num-
ber of fractures of various sizes are created in the rock. These 
fractured fractures and the natural micro-fractures allow the 
natural gas and/or crude oil trapped in formations to move to 
the wellbore. The damage caused by water retention is dif-
ferent in the reservoir matrix and fractures. It is necessary to 
investigate the differences in water blocking damage to reser-
voir matrix (uncracked cores) and fractures (cracked cores).

The experimental procedures for evaluating water blocking 
damage are as follows:

1.	 The core sample was saturated with 2.00 wt% KCl brine 
for 24 h by the vacuum method.

2.	 The brine-saturated core sample was installed into the 
core holder and then 3–5 pore volume (PV) of KCl brine 
was continuously injected to ensure that the core sample 
was completely saturated.

3.	 The saturated core sample was centrifuged with a centri-
fuge LXJ02 at 3000–20,000 RPM. The core sample was 
removed at different centrifugation times to measure the 
core weight for calculating the residual water saturation. 
And then wet N2 was used to measure the core perme-
ability kD (STY-2 gas permeability tester) at different 
water saturations.

The corresponding permeability damage rate (D) was cal-
culated from Eq. (1).

(1)D =
(

k0 − kD

)/

k0 × 100%

Micelle
solution

Microemulsion

Nanofluids
Oil Water

Monolayer
C > CMC

Monomers
C < CMC

Mlcelles
C > CMC

Fig. 2   Map for the synthetic method of nanoemulsion



Petroleum Science	

1 3

where k0 is the initial permeability of the core sample (at 
water saturation of 0), 10−3 μm2; kD is the core permeability 
at different water saturations.

For the cracked core samples, the confining pressure 
is required to be controlled to ensure that the crack widths 
remained the same at each stage.

2.3.2 � Characterization of nanoemulsions

The size of droplets in the nanoemulsion was characterized 
using a Zetasizer Nano laser particle size analyzer. A JYW-
200A surface/interfacial tensiometer was used to determine the 
nanoemulsion surface tensions at different concentrations. A 
JY-PHb contact angle tester was used to measure the contact 
angles of water on the surface of the cores after being soaked 
in different concentration nanoemulsions for 24 h.

2.3.3 � Pressure transmission test

Because of low permeability and tight structure of the target 
reservoir, it is difficult to accurately measure its permeability 
by the common steady-state core flow experiments. Therefore, 
the pressure transmission test (PTT) (Dicker and Smits 1988; 
Zhang et al. 2019) was used to evaluate the permeability dam-
age caused by fracturing fluids. Figure 3 shows a schematic 
diagram of PTT setup.

During testing, the downstream pressure remained 
unchanged while the upstream pressure responses were 
recorded. The PTT method significantly reduces test times by 
measuring pressure declines rather than the fluid flow veloci-
ties through the core (Dicker and Smits 1988; Zhang et al. 
2019). The core permeability can be calculated according to 
the transient pressure model:

(2)k = −
�CVL

A

d�

dt
= −a

�CVL

A

where k is the core sample permeability, 10−3 μm2; μ is the 
test fluid viscosity, mPa s; C is the compression coefficient 
of the test fluid, MPa−1; V is the volume of the downstream 
sealed chamber, mL; L is the core sample thickness, cm; 
A is the cross-sectional area of the core sample, cm2; λ is 
the dimensionless pressure; a is the curve slope between 
the dimensionless pressure and time and is obtained by the 
linear fitting method; PD is the downstream pressure, MPa; 
PL, 0 is the initial upstream pressure, MPa; and PL, t is the 
upstream pressure over time, MPa.

Brine, guar gum fracturing fluid, and slickwater are com-
monly used as working fluids during fracturing tight sand-
stone reservoirs. The water blocking damage caused by the 
above-mentioned fluids and the effects of the novel nanoe-
mulsion on the fluid flow capacity were studied. The main 
experimental procedures are as follows:

1.	 The core sample was saturated with brine with the vac-
uum method.

2.	 The PTT device was installed, the working fluids were 
poured into the intermediate containers, and the core 
sample was installed into the core holder. Then the 
upstream and downstream of the core holder was evacu-
ated for 60 min.

3.	 Brine was pumped into the upstream sealed chamber 
using an ISCO pump. A constant injection pressure was 
set at 0.05–0.1 MPa and the pressure was recorded as 
PL, 0.

4.	 The working fluid was injected into the downstream 
sealed chamber with an ISCO pump. The injection pres-
sure was kept constant (0.5–1.0 MPa) and recorded as 
PD. During the whole process, the upstream pressures 
PL, t were monitored and recorded over time.

5.	 The relationship curve of the dimensionless pressure λ 
with time was drawn and the slope (a) of the curve was 

(3)� = ln

(

PD − PL,t

PD − PL,0

)

ISCO pump

Brine

Data acquisition

GGF SWF
Upstream pressure

Rock sample

Downstream pressure
Pressure transmission

device 

Fig. 3   Schematic diagram of pressure transmission test
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obtained. The core permeabilities at different experiment 
stages (such as injection of brine/brine with nanoemul-
sion, SWF/SWF with nanoemulsion and broken GGF/
broken GGF with nanoemulsion) were calculated 
according to Eq. (2). The improvement of liquid perme-
ability was calculated according to Eq. (4).

	 
where kD0 is the liquid permeability of the core sam-
ple tested by working fluids (brine/SWF/GGF) with-
out nanoemulsion, 10−3 μm2; and kD1 is the improved 
core permeability tested by working fluids with 
nanoemulsion.

6.	 After the experiment, the core was dried at 80 °C for 
48 h and SEM scanning was performed on the dried core 
sample to observe damage to its microstructure.

2.3.4 � Parallel core flow test

Actual tight sandstone reservoirs are heterogeneous. It 
is necessary to evaluate whether the nanoemulsion can 
improve reservoir heterogeneity and reduce fingering dur-
ing gas flooding. Therefore, the effects of the nanoemulsion 
on reducing gas flood fingering were tested with the parallel 
core flow device. The parallel core flow device, as shown in 
Fig. 4, mainly consists of a nitrogen gas source, an ISCO 
pump, intermediate containers, two core holders in parallel 
(one for high-permeability core, and another for low-perme-
ability core), pressure sensors, and a data acquisition system.

Parallel core flow experiments were used to evaluate 
the effect of the nanoemulsion on the sandstone hetero-
geneity and liquid flowback rates, which is simulated gas 

(4)R =
(

kD0 − kD1

)

∕kD0 × 100%

exploitation after fracturing. The experimental procedures 
are as follows:

1.	 Two types of core samples with different fluid perme-
abilities were installed into two core holders.

2.	 A confining pressure of 5 MPa was applied by a hand 
pump.

3.	 Fluid was injected into the cores at a rate of 0.15 mL/
min. The injection volume of the fluid was greater than 
1 PV, and injection continued until the pressure reached 
steady state. During the injection process, the pressure 
gradient was recorded by pressure sensors and a data 
acquisition system. Meanwhile, during each stage of 
displacement, nitrogen was used to displace the satu-
rated core, and then the core was taken out and weighed 
to calculate the gas flooding flowback rate at different 
stages.

3 � Results and discussion

3.1 � Water blocking damage

3.1.1 � Low‑permeability non‑cracked cores

During fracturing, fracturing fluids enter the non-cracked 
core through fractures and cause damage to the reservoir. 
The gas permeabilities of core samples at different water 
saturations were determined to illustrate the effect of water 
saturation on permeability. As shown in Fig. 5, the gas per-
meability in the gas–liquid flow state decreases gradually 
as the water saturation increases. Meanwhile, the lower the 
initial gas permeability, the greater the gas permeability 
decreases in the process of water saturation increasing.

Pressure
sensorValve

Confining pressure pump

ISCO pump
Data acquisition

Br
in

e

G
G

F

SW
F

Core holder

Waste liquid tank

G
as

Fig. 4   Schematic diagram of the high-temperature and high-pressure parallel core flow device
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The permeability damage rates were calculated from 
Eq. (1) and the results are shown in Fig. 6. When the water 
saturation of the non-cracked core samples is approximately 
10%, the growth rate of the gas permeability damage is the 
highest (more than 50%). As the water saturation further 
increases, the increase in the core gas permeability dam-
age rate gradually becomes flat. When the water saturation 
reaches 80%, the gas permeability damage rate reaches 95% 
or more.

3.1.2 � Cracked cores

During the reservoir stimulation, external fluids preferen-
tially enter the fractures formed during hydraulic fracturing 
and gradually flow into the rock matrix. Therefore, it is nec-
essary to study the damage degree in non-cracked cores and 
cracked cores. The cracked cores were created by artificial 
splitting and the gas permeabilities at different water satu-
rations were measured. The experimental results are shown 

in Fig. 7. Gas permeabilities show turning point only when 
the water saturation is higher than 50%. Figure 8 shows the 
relationship between gas permeability damage rate and water 
saturation in cracked cores. When the water saturation is 
below 50%, the gas permeability damage rate is less than 
20%, which is far lower than the damage to the non-cracked 
core at the same water saturation.

A comparison of water blocking damage to rock matrix 
(non-cracked cores) and cracked cores indicates that with 
an increase in water saturation, there is a significant differ-
ence between the decreasing trends in gas permeabilities 
of the non-cracked and cracked cores. There is also a great 
difference between the damage rates of these two types 
of cores. The pores and throats in the non-cracked cores 
are the main channels for fluid flow. It is believed that 
after the pores and throats are filled with water, the gas 
flow capacity is reduced. At the same time, the gas–liquid 
phase forms additional resistance (e.g., the Jamin effect) 
in the tortuous pore throats, which further increases gas 
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flow resistance. Therefore, when the water saturation in 
the non-cracked core is low, the damage rate to the gas 
permeability is remarkably high. However, for the cracked 
cores fractures are the main channels for fluid flow, so 
when the water blocking in fractures is removed, the gas 
channeling through the cracked core is reduced, and the 
cores has a lower rate of damage. The lower the gas per-
meabilities of cracked cores, the lower the degrees of gas 
channeling when gas displaces water in the fractures, the 
higher the damage rate of water on gas permeability.

3.2 � Characteristics of the nanoemulsion

The size distributions of 0.5 wt% nanoemulsions are shown 
in Fig. 9, and the nanoparticle sizes were measured 160.8 nm 
and 160.9 nm, respectively (Wang et al. 2019).

To determine the optimum concentration of nanoemul-
sion for altering rock wettability, core slices were soaked 
in nanoemulsions of different concentrations for 24 h, and 
then the “air–water-core” contact angles were measured. As 
shown in Fig. 10, when no nanoemulsion is added to the 
soaking fluid, the water droplet on the solid surface spreads 
out directly. The “air–water” contact angle increases with 
an increase in nanoemulsion concentration, reaching the 
peak value of 112.9° at a concentration of 0.30 wt%. This 
means the sandstone surfaces have completely altered from 
water wet to gas wet. Therefore, 0.30 wt% was the opti-
mum concentration for the nanoemulsions. In addition, 
the surface tension of “air–water” is 72.71 mN/m. When 
the concentration of the nanoemulsion was increased from 
0.05 wt% to 0.30 wt%, the surface tension of “air–water-
core” only decreased from 31.08 to 29.04 mN/m, as shown 
in Fig. 11. However, when the nanoemulsion concentration 
increased from 0 to 0.05 wt%, the surface tension decreases 
by 41.63 mN/m, indicating a significant effect of reducing 
the “air–water” surface tension compared with water.

Nanoemulsions have droplets with diameter on the order 
of 100 nm and can reduce the surface tension between air 
and water. The droplets in the nanoemulsion preferentially 
enter the relatively high-permeability regions in low-perme-
ability reservoirs, and then adsorbed on the pore surface to 
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lower its inner diameter and reduce the heterogeneity of low-
permeability reservoirs (Wang et al. 2019a, b). Therefore, 
when the gas in the reservoir displaces the external fluid to 
flow back to the wellbore after well completion, the nanoe-
mulsion can effectively mitigate or eliminate gas fingering 
and increase the gas displacing efficiency. At the same time, 
the nanoemulsion can alter the wettability of the solid sur-
faces from hydrophilic to hydrophobic, which is beneficial 
for removing water blocking damage. These properties make 
nanoemulsions attractive in the oilfield industry.

3.3 � Removal of water blocking by nanoemulsion

3.3.1 � PTT results

The permeability of tight sandstone reservoirs is mainly 
influenced by fracturing fluids such as brine, guar, and slick-
water. To study whether the nanoemulsion improves the liq-
uid flow capacity, a series of experiments were performed 
to evaluate the core permeability changes before and after 

the nanoemulsion was added. Experimental data on different 
core types and PTT results are shown in Table 4 and Fig. 12. 
According to these results, when natural micro-fractures 
exist in the core, the improvement effect of the nanoemul-
sion on the liquid permeability is weaker than that for the 
non-cracked core. Therefore, the liquid flow capacity for 
micro-fracture cores increased by 54.28% while by 118.55% 
for the non-cracked core. In addition to water blocking 
damage, there also exists polymer or solid phase damage 
in slickwater and guar gum fracturing fluids (Liang et al. 
2018; Zhang et al. 2019). Nanoemulsions cannot remove 
the damage caused by polymer adsorption or by solid phase 
retention. Therefore, in the non-cracked core, the increment 
in the liquid flow capacities of slickwater (68.35%) and guar 
gum fracturing fluid (61.21%) are lower than that for brine. 
Solid-phase residues exist after guar gum fracturing fluid is 
broken, so the increase in liquid flow capacity is 7.14% lower 
than for slick water.

3.3.2 � Damage mechanism and adsorption of chemical 
agents in different working fluids

The core samples after PTT in Sect. 2.3.3 were placed in 
an oven at 80 °C. After drying for 48 h the samples were 
removed and scanned with a GeminiSEM 300/VP high reso-
lution field emission scanning electron microscope (SEM). 
Figure 13 shows that after the PPT experiments, the core 
morphology presents a specific angle. On the other hand, 
the core was destroyed by the polymer or solid phase resi-
dues in the slickwater and the guar gum fracturing fluid after 
the flow experiment, the micro-morphology was relatively 
cracked, which affected the permeability recovery. Figure 14 
shows the adsorption of carbon element on the rock surfaces, 
which is the main element of nanoemulsion, slickwater, and 
guar gum. In the brine flow experiment, only nanoemulsion 
is adsorbed on the rock surface. However, in other working-
fluid flow experiments, nanoemulsion, slickwater or guar 
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Table 4   The improvement in liquid flow capacity by the addition of nanoemulsion to working fluids

Parameters in the PTT model: V = 2.35 mL; L = 0.65 cm; A = 4.91 cm2; μb = 1.08 mPa s; μs = 1.25 mPa s; μg = 1.15 mPa s; C = 3.87 × 10−5 MPa−1. 
μb: brine viscosity, μs: slickwater viscosity, μg: guar gum fracturing fluid viscosity after broken

Core No. Core type Working fluid type Nanoemulsion concentra-
tion in working fluid, wt%

Permeability after working 
fluid treatment, 10−3 μm

Improvement of liquid permeability 
by the addition of nanoemulsion, %

PPT-1 Cracked Brine 0 0.0142 54.28
0.30 0.0219

PPT-2 Non-cracked Brine 0 0.0077 118.55
0.30 0.0169

PPT-3 Non-cracked SWF 0 0.0031 68.35
0.30 0.0052

PPT-4 Non-cracked Broken GGF 0 0.0008 61.21
0.30 0.0012
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gum residues are absorbed on the rock surfaces. Therefore, 
the element adsorption pictures of slickwater and guar gum 
fracturing fluid shows the brightness of yellow and distribu-
tion are higher than that in the brine, which further verifies 
the damage of slickwater and guar gum fracturing fluid.

3.3.3 � Parallel core flow test results

According to the PTT results, nanoemulsions can improve 
the flow capacity of brine, slickwater, and guar gum frac-
turing fluid in a degree. Therefore, it is necessary to further 
study whether the addition of nanoemulsions to the fractur-
ing fluids can improve the flowback rate of the fracturing 
fluids. Because the actual reservoirs are often heterogeneous, 
the adaptability of nanoemulsions in reservoirs needs to be 
further studied. Two cores with different permeabilities were 
installed into parallel core holders to simulate a heteroge-
neous reservoir and then fluids were injected, separately. 
According to the injection pressure difference before and 
after fluids passed through the parallel cores, the fluid per-
meabilities, permeability contrast (ratio of the permeability 
of the two parallel cores, kH/kL), and fluid flowback rates 
were analyzed.

The experimental results of three sets of parallel cores 
are shown in Table 5 and Figs. 15, 16 and 17. Compared 
the results of the two groups with similar permeabilities 
at the beginning of the experiment (e.g., the first and sec-
ond groups of parallel cores), the ratio of permeability to 
brine before the chemical treatment (i.e., nanoemulsion-
containing working fluid) were 6.24 and 8.55, while after 
treatment with chemical agents, the values decreased to 
3.71 and 3.14, respectively. At the same time, due to the 
heterogeneity changes of the parallel cores, the flowback 
rates of P-1/H, P-1/L, P-2/H, and P-2/L increased by 26.40%, 
74.97%, 22.77% and 63.26%, respectively, compared with 
before treatment. In the chemical treatment stage, the nanoe-
mulsion preferred to enter the relatively high-permeability 
cores, and then block the pores and throats in the relatively 
high-permeability core. This would change the permeability 
ratio of the parallel cores. After the follow-up brine injection 
was done, the gas fingering decreased and an even push to 
brine was formed when reverse gas displacement was con-
ducted on the parallel cores. Therefore, the flowback rates of 
the relatively low-permeability cores P-1/L and P-2/L were 
improved more significantly compared with the relatively 
high-permeability cores P-1/H and P-2/H. The initial perme-
ability ratio of the first group of cores was lower than that 

Fig. 13   SEM images of core samples after PTT performed with different working fluids with nanoemulsion

Fig. 14   Carbon adsorption maps of rock surfaces after PTT performed with different working fluids with nanoemulsion
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of the second group, thereby the gas flooding flowback rate 
increased greatly for the first group. Compared with the first 
group of cores, the initial permeability values of third group 
of cores were significantly higher, the increase rate of gas 
flooding flowback rate for P-3/H was 18.68%, lower than 
that for P-1/H, and the value for P-3/L was 44.45%, lower 
than that for P-2/L.

4 � Field applications

The new nanoemulsion has been successfully used in the 
Sulige gas field in Changqing, which is a typical tight sand-
stone gas reservoir in western China. The nanoemulsion 
system has been applied to 31 wells. After the addition of 
the nanoemulsion to the fracturing fluid system, i.e., low-
damage fracturing fluid, the fluid flowback rate was signifi-
cantly improved. When the amount of liquid nitrogen was 
reduced by 54.42%, the flowback rate of the low-damage 
fracturing fluid was still increased by 14.27%.

In 2019, the average single-well daily gas production 
and open flow potential had steadily increased compared 
with 2018. In 2018, the average single-well daily out-
put was 2.19 × 10−4 m3 and the open flow potential was 
7.39 × 10−4  m3; while in 2019, the output increased to 
2.44 × 10−4 m3 (increased by 16.9%) and the absolute open 
flow rises to 7.99 × 10−4 m3 (increased by 8.1%) after using 
low-damage fracturing fluid.

5 � Conclusions

This paper analyzes the differences in water blocking dam-
age between the non-cracked and cracked cores. Pressure 
transmission tests were used to study the liquid flow capac-
ity. The improvement effects of a new nanoemulsion on 
micro plugging and liquid flow capacity were evaluated 
based on parallel core flow tests. The main conclusions are 
as follows:

Water blocking damage caused by water saturation for 
non-cracked and cracked cores show large differences. 
The fractures in the cracked cores are the main channels 
for gas flow, while in the non-cracked cores are pores and 
throats. When the water blocking damage in the fracture was 
removed, the gas permeability of the cracked cores increased 
more significantly. Therefore, under the same water satura-
tion, the gas permeability of the fractured cores suffered 
less damage than that for the non-cracked cores. Pressure 
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transmission tests show that the nanoemulsion can increase 
the liquid permeability in the non-cracked and cracked cores. 
Parallel core flow experiments show that, for tight sandstone 
gas reservoirs with a certain permeability ratio, nanoemul-
sion not only can alleviate reservoir heterogeneity but can 

also reduce the fingering degree of reverse gas flooding and 
increase the flowback rates of the fracturing fluid. The new 
nanoemulsion can be used as a fracturing fluid additive to 
increase the flowback rate and can reduce water blocking 
damage in tight sandstone gas reservoirs.
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