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Abstract: With little to no natural fracture development and the high calcite content in porous
carbonate reservoirs, for multistage acid fracturing, different fluids are used to form a viscous
fingering in the fracture, thus enhancing the degree of nonuniform etching. However, existing
studies on multistage acid fracturing mainly focused on the combination of fracturing fluid and
acid, which is less specific for porous carbonate rocks. Here, the rheological properties of five fluids,
including guar-based fluid, cross-linked guar, gelled acid, cross-linked acid, and diverting acid, were
studied at each temperature condition, and the viscosity relationship between each fluid was clarified.
Based on the rheological properties, the differences between the seven liquid combinations on the
etched morphology of the fracture walls were studied and analyzed. The conductivity of the seven
acid-etched fractures under different closure stress was simulated. The experimental results showed
that the viscosity relationships between the fluids at different temperatures were cross-linked guar
> cross-linked acid > diverting acid (spent acid) > gelled acid > guar-based liquid > diverting acid
(fresh acid). Because cross-linked acid has higher viscosity than gelled acid, it can form more obvious
viscous fingering with a variety of liquids, which is more suitable for acid fracturing stimulation
of porous carbonate reservoirs. In addition, the combination of cross-linked and diverting acids
was screened out. The multistage alternate injection of this fluid combination could form tortuous
and complex etching channels, and its acid-etching fracture conductivity was significantly higher
than that of other fluid combinations at different closure stress. In this study, we optimized the fluid
combination of porous carbonates and clarified the effect and mechanism of nonuniform etching to
provide guidance for the fluid combination selection of multistage alternate acid fracturing process
for porous carbonate reservoirs.

Keywords: multistage acid fracturing; porous carbonate reservoir; morphology; conductivity;
acid combination

1. Introduction

Porous carbonate reservoirs generally have low porosity and permeability, high calcite
content in rock minerals, and the natural fractures are less or even not developed [1,2].
This type of reservoir is especially developed in the Middle East or central Asia [3]. Acid
fracturing is one of the most effective measures for carbonate stimulation [4,5]. The acid-
etching fracture conductivity after acid fracturing treatment is a key factor affecting oil and
gas production, and is a key parameter in the acid fracturing design of carbonate reser-
voirs [6,7]. Due to the characteristics of porous carbonate with pure lithology, nonuniform
etching is not easily formed by the conventional acid fracturing process [8,9]. Multistage
alternate acid fracturing is widely used to enhance the degree of nonuniform etching, and
was proven to be the most effective stimulation measure for porous carbonates [10].
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Early multistage alternate acid fracturing technology is mainly a combination of
fracturing fluid and acid fluid [11,12]. The main advantages of adding fracturing fluid to
the acid fracturing process include: (1) the use of highly viscous fracturing fluid to plug
the natural fractures in the reservoir and the wormhole formed in the fracture wall, thus
reducing the filtration of acid through the natural fractures and fracture wall and increasing
the volume of fractures during acid fracturing [13,14]; (2) the viscosity of the fracturing
fluid is usually higher than that of the acid fluid, and the difference in viscosity between the
alternately injected fracturing fluid and the acid fluid makes the two fluids form viscous
fingering in the fracture [15]. This viscous fingering causes the distribution of the acid to
be nonuniform in the fracture, thus producing nonuniform etching on the fracture wall.
The formation of these nonuniform etchings prevents the fracture from completely closing
under high closure stress and maintains a good oil and gas flow channel [16]. Notably,
cross-linked guar is usually a chain compound formed by cross-linking of hydroxypropyl
guar under alkaline conditions and the cross-link agent, thereby increasing the viscosity of
the fracturing fluid [17]. Under acidic conditions, the cross-linking structure is destroyed,
and the viscosity of the fluid is significantly reduced and may even be lower than that of
the gelled and cross-linked acids [18]. To solve this problem, researchers have developed
acid-resistant polymeric fracturing fluids that can effectively improve the fluid viscosity of
fracturing fluids in highly acidic environments [19]. However, such fracturing fluids are
costly, and their application in the field is limited.

Gelled and cross-linked acids are often used in multistage acid fracturing because of
their higher viscosity than those of other acid systems, which can effectively reduce acid fil-
tration and open the reservoir to form fractures [20]. In recent years, with the development
of acid systems, the combination of fluid systems for multistage acid fracturing has also
changed, such as the combination of fracturing fluid and gelled acid, and diverting acid
and gelled acid [21,22]. The viscosity of fresh diverting acid is lower and consistent with
that of water. As H" is consumed during the acid-rock reaction and carbonate minerals
are dissolved, the pH and Ca?* concentration increase in the solution. Surfactants in the
diverting acid are entangled to form micelles in weakly acidic environments with metal
ions, and the presence of micelles greatly enhances the viscosity of the acid solution [23].
Fresh low-viscosity acid has good flow ability in fractures, while spent high-viscosity spent
acid can effectively plug the natural fractures and wormholes to reduce acid filtration [1].
Current research on porous carbonates has focused on two acid systems: gelled acid and
cross-linked acid, and stimulation parameters such as injection rate and injection time.
However, the stimulation effect and mechanism of the combination of diverting acid and
other acid fluids on porous carbonate are still unclear.

In this study, a diverting acid whose viscosity gradually increases with reaction time
was introduced. Considering the temperature variation, the rheological properties of five
fluid systems at different temperatures were studied, and the viscosity relationship be-
tween the fluids was clarified. Based on the combinations of fracturing fluid and acid in
conventional acid fracturing, we introduced combinations of acids. The conductivities
of acid-etching fractures for different acid combinations were studied. The acid fractur-
ing stimulation efficiencies of different acid combinations were clarified, and the fluid
combinations suitable for porous carbonate reservoirs were preferably selected.

2. Experiment Preparation

In the process of acid fracturing, the acid uniformly reacts with the carbonate minerals
on the fracture wall, hindering nonuniform etching on the fracture wall. With the comple-
tion of acid fracturing and the progression of oil and gas flowback, the pore pressure of
the reservoir gradually decreases and the closure stress gradually increases in the reservoir.
Uniformly etched fractures rapidly close under closure stress, and the conductivity is
difficult to maintain, which seriously affects the acid fracturing effect. Multistage acid
fracturing stimulation can reasonably use the reactions and rheological characteristics of
the acid, which make the acid produce viscous fingering in the fracture, thus producing
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nonuniform etching on the fracture wall, finally forming a connected high-permeability oil
and gas channel.

2.1. Rock Slab Preparation

Indiana limestone cores were analyzed by XRD, and the mineral composition of
the cores was mainly calcite (93.7%) and dolomite (7.3%). In addition, the porosity and
permeability of the Indiana limestone were 20.1% and 7.2 mD, respectively. The cores used
in the experiment were processed with by wire cutting technology into a 178 mm long,
19 mm arc rock slab that was 38 mm wide and 50 mm high (Figure 1), which ensured the
rock slab size fully matched the size of API acid etching conductivity chamber.

139 mm (5.4724 inch)

Top view

177 mm (6.9685 inch) :

Side view

Figure 1. The size of the limestone slab.

2.2. Fluid Preparation

In this work, five kinds of liquid systems were used in the multistage acid fracturing
experiment, including a guar-based solution, cross-linked guar, gelled acid, cross-linked
acid, and diverting acid. The specific formulas of the liquids were as follows:

(1) Guar-based solution: 0.27 wt% HPG + 0.1 wt% fungicide, and 0.3 wt% clay stabilizer;

(2) Cross-linked guar: 0.27 wt% HPG + 0.1 wt% fungicide + 0.3 wt% clay stabilizer,
and 0.3 wt% cross-link agent;

(3) Gelled acid: 20 wt% HCl + 0.6 wt% gelling agent, and 1.5 wt% corrosion inhibitor;

(4) Cross-linked acid: 20 wt% HCl + 0.6 wt% gelling agent + 0.6 wt% cross-link agent,
and 1.5 wt% corrosion inhibitor;

(5) Diverting acid: 20 wt% HCl + 1.5 wt% corrosion inhibitor, and 7 wt% divert-
ing agent.

In the reaction of diverting acid with carbonate minerals, the viscosity of the spent
diverting acid solution gradually increases under environments with high pH and Ca?*
concentration, eventually achieving the purpose of uniform acidizing. After the chemi-
cal reaction between fresh acid and carbonate minerals at the fracture wall during acid
fracturing, the highly viscous spent acid enters the porous medium through the fracture
wall. The highly viscous spent acid, by entering the porous media, can enhance the per-
colation resistance of the subsequent acid into the fracture wall, thus reducing acid loss
and improving fracturing efficiency. Therefore, in addition to the viscosity of the fresh
diverting acid, the viscosity of the spent diverting acid was also tested in this study. The
preparation process of the spent diverting acid was as follows: (1) 200 mL of 15 wt% HCl
solution was prepared by using deionized water and 37 wt% HCI. (2) We added 1.5 wt%
corrosion inhibitor to the removed liquid and 7 wt% diverting agent, which is a kind of
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Gemini quaternary ammonium salt cationic surfactant. (3) Excessive Ca;CO3 was added to
the water bath at 50 °C to ensure the HCI fully reacted, and the solution after the reaction
was centrifuged at 3000 r/min to obtain the supernatant.

2.3. Experiment Apparatus

In this work, an acid etching fracture conductivity testing system (Figure 2) was used,
which consisted of a liquid rheology testing device, an acid etching simulation device, a
conductivity testing device, and a 3D laser scanning device. The rheology testing device
was made of Hastelloy and was able to test the viscosity of fracturing fluid and acid at
different temperatures [24]. The acid etching simulation device was used to etch the rock
slab by injecting acid, thus simulating the process of etching the fracture wall during
acid fracturing. The conductivity testing device was used to test the flow conductivity
of the fracture at different closure stresses, thus objectively reflecting the closure of the
acid-etching fracture at different closure stresses. The 3D laser scanning device was used to
visualize the acid etching on the fracture walls.

Conductivity testing device 3D laser scanning device

Figure 2. Acid fracturing conductivity test system.

2.4. Experimental Procedure

The main procedures of the acid rheology and acid etching slab conductivity testing
experiments are described below:

(1) Determination of the rheological properties of the acid solution: the viscosity
of the acid system used in the experiment was measured at different temperatures us-
ing the Harker rheometer to clarify the viscosity relationship of each acid system at the
target temperature.

(2) Acid etching of fracture surfaces: A pair of smooth rock slabs was installed parallel
to the reaction chamber of the acid-etching simulation device and began to heat up. The
back pressure was set to 7 MPa during the experiment. When the ambient temperature
was heated to the experimentally set value, the acid was pumped into the fracture in the
reaction chamber according to the experimental scheme, and the pumped acid chemically
reacted with the rock minerals on the fracture wall.
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(3) Scanning the surface morphology of the fracture after acid etching: After the
reaction, the acid-etched rock slab was removed from the acid etching simulation device,
and the surface of the rock slab was cleaned of the acid and residue after the reaction using
deionized water. The surface morphological features of the acid-etching fractures were
obtained using a 3D laser scanning device.

(4) Testing the flow conductivity of acid-etching fractures: The reacted rock slabs were
installed parallel in the conductivity chamber of the conductivity testing device, and the
initial closure stress was applied at 5 MPa to make the two rock plates contact. Deionized
water was injected at a flow rate of 5 mL/min. After the flow rate at the outlet of the device
stabilized at 5 mL/min, the closure stress was increased according to the experimental plan
to determine the conductivity at different closure stresses.

3. Result and Discussion
3.1. Liquid Rheology Test Result

By using a liquid rheology testing device, the viscosity of the liquids at room tempera-
ture was measured by shearing the six liquids at a constant speed for 30 min. Then, the
ambient temperature was slowly raised until the temperature rose to 90 °C, which was
then stabilized at 90 °C, and the liquid was continuously sheared for 60 min. After the
viscosity of the liquid was stable, the average viscosity of the viscosity stable period was
taken as the viscosity of the liquid at 90 °C. The shear rate was kept at 170 s~! during the
experiment. The rheological results of the six liquids are shown in Figure 3. As can be
seen from the figure, the viscosities of the guar-based fluid, cross-linked guar, gelled acid,
cross-linked acid, and spent diverting acid were 86.4, 867.3, 98.3, 394.8, and 420.6 mPas,
respectively, at room temperature. The viscosities of all acid systems gradually decreased
as the ambient temperature continued to rise. At 90 °C, the viscosities of the guar-based
solution, cross-linked guar, gelled acid, cross-linked acid, and spent diverting acid were
51.6,391.9, 28.9, 136.4, and 72.7 mPa-s, respectively. This viscosity change trend was con-
sistent with those reported in previous studies [25,26]. The viscosity of the cross-linked
guar always remained the highest at all temperature conditions, followed by that of the
cross-linked acid and spent diverting acid, and the viscosities of the guar-based solution
and gelled acid were the smallest and least different. The viscosity of the fresh diverting
acid was 2.7 mPa-s due to the characteristics of the diverting acid, and slightly decreased
as the ambient temperature kept increasing.
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3.2. Acid Etching Simulation Result

According to the optimization principle of multistage acid fracturing in carbonate
reservoirs, seven combinations of five fluids were considered to study the effect of acid
etching on the fracture wall of carbonate rocks under different fluid combinations. To
ensure that the total amount of acid injected in the multistage acid fracturing process was
consistent, the injection time in the multistage acid fracturing was adjusted, and the specific
experimental arrangement is shown in Table 1. The ambient temperature was maintained
at 90 °C during the experiments. Combined with the injection rate during acid fracturing
treatment in the field and previous research results [21], the injection rate in the experiment
was set to 30 mL/min.

The results of the rock slab acid etching simulation are shown in Figures 4 and 5. As
can be seen from the figures, the surfaces of the rock slab after both multistage alternate
injection of the guar-based solution and gelled acid and multistage alternating injection
of gelled acid and diverting acid were both relatively smooth. This uniform etching
completely closed the fractures under high closure stress, thus reducing the acid fracturing
effect. There was nonuniform etching on the rock slab after multistage alternating injection
of the cross-linked acid and guar-based solution, but the degree of nonuniform etching was
lower. More obvious [27,28] etching grooves formed after multistage alternating injection
of gelled acid and cross-linked guar, cross-linked acid and gelled acid, and cross-linked acid
and cross-linked guar. This etched groove greatly enhanced the nonuniform etching degree
of the fracture wall [29], which hindered the acid-etched fracture from completely closing
under the closing pressure after the acid fracturing stimulation, thus forming a high-speed
channel for the flow of oil and gas. The etched grooves formed after the multistage alternate
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injection of cross-linked acid and diverting acid were more obvious. These grooves greatly
enhanced the degree of nonuniform etching on the fracture walls: tortuous and complex
grooves were harder difficult to close under closure stress. In addition, the slab overall
showed a greater degree of dissolution at the entrance, and the degree of dissolution from
the entrance to the exit showed a gradually decreasing trend. This is because the acid
concentration at the point of entry into the fracture was higher, which created a more
intense acid-rock reaction, and the degree of etching was correspondingly higher. With the
consumption of H" in acid by the acid—rock reaction, the concentration of acid at the exit
was lower, and, thus, the degree of reaction was relatively weaker.

Table 1. Multistage acid fracturing test arrangement and conductivity test results.

Conductivity (D-cm)

Liquid Combination Stage In};ctlon Inl]:‘fcflc;m 15 30 45 60 75
rme w MPa MPa MPa MPa MPa
1 20 min GB
2 20 min GA
Guar-based fluid (GB) and gelled acid 3 20 min GB
(GA) 4 20 min GA 98.5 51.3 22 74 1.3
5 20 min GB
6 20 min GA
1 20 min CA
2 20 min GA
Cross-linked guar (CA) and gelled acid 3 20 min CA
(GA) 4 20 min GA 312.7 143.7 56.2 21.3 10.8
5 20 min CA
6 20 min GA
1 10 min GA
2 10 min DA
Gelled acid and (GA) diverting acid 3 10 min GA
(DA) 4 10 min DA 154.4 81.4 24.3 11.2 6.7
5 10 min GA
6 10 min DA
1 20 min GB
2 20 min CA
Guar-based fluid (GB) and cross-linked 3 20 min GB
acid (CA) 4 20 min CA 356.1 140 48.3 16.1 5.1
5 20 min GB
6 20 min CA
1 20 min CG
2 20 min CA
Cross-linked guar (CG) and 3 20 min CG
cross-linked acid (CA) 4 20 min CA 2172 973 47 201 53
5 20 min CG
6 20 min CA
1 10 min CA
2 10 min GA
Cross-linked acid (CA) and gelled acid 3 10 min CA
(GA) 4 10 min GA 342.1 164.2 61.7 20.3 10.1
5 10 min CA
6 10 min GA
1 10 min CA
2 10 min DA
Cross-linked acid (CA) and diverting 3 10 min CA
acid (DA) 4 10 min DA 514.2 314 148.3 73.4 41.2
5 10 min CA
6 10 min DA
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Figure 4. Surface morphology of slabs after acid etching.
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3.3. Conductivity Test Result

The fracture conductivity of the rock slabs, after acid etching with different acid
combinations, was tested under closing pressures of 15, 30, 45, 60, and 75 MPa using the
conductivity testing device, and the test results are shown in Figure 6. From the conductivity
test results, we found that the fracture conductivity after cross-linked acid etching was
generally higher than that after gelled acid etching. This is because the viscosity of cross-
linked acid was five times higher than that of gelled acid at 90 °C, and its viscosity difference
with guar-based fluid and diverting acid was even larger. Previous studies [30] showed that
viscosity differences can make low-viscosity fluid form viscous fingering in high-viscosity
fluid, and this viscous fingering can make the distribution of the acid nonuniform in the
fracture, thus achieving nonuniform etching on the fracture wall, which greatly enhances
the fracture conductivity under high closure stress. Notably, the multistage alternate
injection of cross-linked acid and diverting acid had significantly higher conductivities
than the other acid combinations at each closure stress. The combination of cross-linked
acid and diverting acid had a conductivity of 514.2 D-cm at a closure stress of 15 MPa. The
conductivity gradually decreased as the closure stress increased, and had a conductivity
of 148.3 D-cm at a closure stress of 45 MPa. When the closure stress was 75 MPa, the
conductivity of the acid-etched fracture was 41.2 D-cm. Combined with the acid rheology
test and rock slab etching results, we determined that this was due to the large difference in
viscosity between the cross-linked acid and the diverting acid, which led to more obvious
viscous fingering of the acid inside the fracture. This obvious viscous fingering caused the
acid etching of the fracture wall to form a tortuous and complex etching channel. Such
channels cannot be completely closed even under high closure stress, which provides better
flow channels for the oil and gas production process and greatly enhances the effect of acid
fracturing stimulation in carbonate reservoirs.

—&— (juar based [uid & Gelled acid —a— (rosslinked guar & Gelled acid
Gelled acid & Diverting acid —&— (Crosslinked guar & Crosslinked acid
Guar based fluid & Crosslinked acid Crosslinked acid & Gelled acid
—=— (Crosslinked acid & Diverting acid
600
300 |

=

]

=
T

200 |

Conductivity (D-cm)
g

100 |

30

Closure stress (MPa)

Figure 6. Conductivity under multistage alternate injection of different fluid combinations.

In summary, the fracture conductivity after etching with cross-linked acid is generally
higher than that of etching with gelled acid. This is because the viscosity of cross-linked
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acid at 90 °C is five times higher than that of gelled acid, and its viscosity difference with
guar-based fluid and diverting acid is even larger. The viscosity difference can make
the acid produce viscous fingering in the fracture. This viscous fingering can make the
distribution of the acid nonuniform in the fracture, thus achieving the nonuniform etching
of carbonate minerals on the fracture wall. The combination of cross-linked acid and
diverting acid can form tortuous and complex etching channels on the fracture wall due to
their large difference in viscosity, which can improve the efficiency of acid fracturing.

4. Conclusions

In this study, the rheological properties of a guar-based solution, cross-linked guar,
gelled acid, cross-linked acid, and diverting acid were investigated at different temperatures.
Multistage acid fracturing experiments were carried out using different acid combinations,
and the effects of different multiple-acid systems on the nonuniform etching of the fracture
wall were systematically investigated. The relationship between the surface morphology
and the conductivity of the acid-etched fracture was analyzed. Based on the experiment
results and discussion, the following conclusions were obtained:

(1) The viscosity of all five acid fracturing working fluids gradually decreased with the
increase in temperature. At different temperatures, the viscosity relationships were: cross-
linked guar > cross-linked acid > diverting acid (spent acid) > gelled acid > guar-based
solution > diverting acid (fresh acid).

(2) Cross-linked acid is more suitable for acid fracturing stimulation of carbonate
reservoir than gelled acid. Due to the high viscosity of cross-linked acid and the large
difference in viscosity with many other liquids used in acid fracturing stimulation, the
combination of cross-linked acid with other liquids effectively produce viscous fingering
in the fracture. This viscous fingering means the cross-linked acids generally have higher
fracture conductivity than gelled acids after acid etching.

(3) The combination of cross-linked acid and diverting acid is most effective for
multistage acid fracturing stimulation of carbonate reservoirs. The liquid combination
of cross-linked acid and diverting acid has a large difference in viscosity and can form
tortuous and complex etched channels in the fracture walls, which do not completely close
even at high closure stress. When the closure stress was 75 MPa, the acid-etched fracture
still had a conductivity of 41.2 D-cm.

Nonuniform acid fracturing in porous carbonatite is still a worldwide problem. In this
work, we evaluated and compared the effects of various liquid combinations on multistage
acid fracturing, and proposed that the combination of diverting acid and cross-linked
acid can effectively improve the degree of nonuniform etching in the fracture. However,
when the environmental temperature is above 90 °C, the performance of the diverting acid
is seriously reduced. Therefore, the performance of diverting acid in high-temperature
reservoirs must be improved. In addition, under normal conditions, the viscosity of the acid
solution is controllable within a certain range, and the effect of the viscosity relationship
between the diverting acid and the cross-linked acid on the acid fracturing effect still needs
further study.
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