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Abstract. Temporary plugging and diverting fracturing is an important method
for oil and gas reservoirs stimulation, in which the temporary plugging agent
(TPA) plays a vital role. The degradability and plugging performance of JRS-1
fiber TPA and QXD-1 granular TPA were evaluated by the self-designed
experimental device. Meanwhile, the fiber TPA and the granular TPA were
mixed into a new type of composite TPA. The mixing ratio of fiber and granule
was further optimized according to the plugging performance. The results show
that the fiber and granule both can be degraded more than 95%, the degradation
speed meets the construction requirements, and the damage to reservoir is small.
Both the fiber and granular TPA can block the simulated fracture. When the
fiber and granule in the composite TPA account for 3545 wt% and 55-65 wt%,
respectively, the plugging effect is better than that of the fiber or granule used
alone. When the ratio of the fiber and granule is 40 and 60 wt%, respectively, its
plugging performance is the best, and the composite temporary plugging layer
can stand the pressure up to 7 MPa above. The results can provide reference for
improving the diverting fracturing effect.
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1 Introduction

Hydraulic fracturing has become one of the important stimulation techniques for the
economic development of unconventional reservoirs [1-3]. Many scholars have sug-
gested that the fracturing method in unconventional reservoirs should take natural
fractures into consideration, link original micro-fractures in the reservoir, and increase
the stimulated area as much as possible [4, 5]. However, in many cases, due to the
influence of in situ stress, conventional fracturing can only produce a single fracture or
just expand the original fracture. To solve this problem, temporary plugging and
diverting fracturing technology is used to transform the reservoirs by plugging the
original fracture with the temporary plugging agent (TPA), which can create new
fractures in different directions and increase reconstruction volume [6-9].

As TPA is a key factor for this technology, which has great influence on the
construction result, many researchers have focused on the plugging performance
evaluation of TPA [10-14]. Cohen et al. carried out the fiber bridging experiments to
discuss the effect of fiber cake permeability and spurt loss on the plugging ability of
fiber-laden acid fluid system [10]. Droger et al. found that temporary plugging layers
could form under two conditions which respectively are bridging with fiber and
plugging with fiber [11]. Sau et al. used the fiber TPA to block the 3D-printed cores.
Through the experiment, they optimized the injection rate of fiber plugging fluid and
the fiber concentration [12]. Wang et al. tested the plugging ability of fiber through
the dynamic filtration experiments. The effects of injection rate, fracture width, and
horizontal principal stress difference were considered in these experiments [13].
Gomma et al. concluded that far-field steering required small size granules, but near-
wellbore and perforation steering both required large size granules [14].

Although many successful experiments and applications have been reported in the
literature, most of the reports are limited to fiber TPA or granular TPA used alone.
There are few studies on composite TPA with fiber and granule. What’s more, whether
the plugging effect of composite TPA is better than that of fiber or granule used alone.
And whether there is an optimal proportion of composite TPA to make it the best
plugging performance. To solve these questions, the work needs to be done are as
follows:

(1) to evaluate the degradability of the fiber TPA and granular TPA;

(2) to compare the plugging ability of the composite TPA with that of the fiber TPA
and granular TPA;

(3) to optimize the mixing ratio for the composite TPA.
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2 Methodology

2.1 Experimental Materials and Setups

The experimental materials include the JRS-1 fiber TPA (hereinafter referred to as
fiber) and QXD-1 granular TPA (hereinafter referred to as granule), as shown in Fig. 1.
The technical specifications of the two TPA materials are summarized in Table 1. The
other experimental materials mainly include 40/70 ceramsite, simulated formation
water, guar gum, etc.

Fig. 1 The fiber (left) and granule (right)

Table 1 Technical specifications of the TPA materials

Technical specifications JRS-1 fiber TPA QXD-1 granular TPA
Appearance white, straight, silk shape yellow, translucent, column shape
Length (mm) 6 2-3

Diameter (um) 40 4000

Density (g cm ) 1.1 1.2

Dispersibility Dispersed evenly —

The experimental setups include the following: self-designed temporary plugging
performance evaluation device (TPPED), as shown in Fig. 2, analytical balance,
measuring cylinder, thermostat water bath, beaker, filter paper, and drying oven.

It can be seen from Fig. 2 that the apparatus mainly comprises pressurization
module, pressure reducing valve module, temporary plugging fluid (TPF) container
module, and measuring module (used to measure and record experimental data). The
pressurization module is a high-pressure nitrogen cylinder, providing the stable
high-pressure gas for the experiment. The pressure reducing valve module can
adjust the pressure to the required pressure. The structural diagram of TPF con-
tainer, used to place the simulated fracture and hold the experimental fluid, is
illustrated in Fig. 3.
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1

Fig. 2 Principle diagram of TPPED. (1 The pressurization module; 2 The pressure reducing
valve module; 3 The TPF container module; 4 The measuring module)
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Fig. 3 Structural diagram of the TPF container module. (1 The deflated hexagonal connector; 2
The container cup; 3 The TPF; 4 The container seal cap; 5 The simulated fracture or the holes; 6.
The O-ring; 7. The compression screw; 8. The outlet 9. The compression bolt)

2.2 Experimental Procedure

2.2.1 Degradation Experiment

In order to evaluate the degradability of the TPAs in different temperatures, the con-
stant temperature bath is used to control the experimental temperature. The experi-
mental temperatures are set to 25, 70, 90 °C, respectively. Based on the downhole
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environment, simulated formation water is chosen as the base fluid. The experimental
steps are as follows:

Use the thermostat water bath to control the experimental temperature at a constant
value; add a certain mass of the TPA to the base solution to degrade a period of time;
use the filter paper to filtrate the residue of the TPA; fully dry the residue in the drying
oven; use the analytical balance to weigh the residue mass; calculate the degradation
rate (DR) of TPA in different time periods; the calculation method is shown in Eq. (1);
change the experimental temperature or base fluid; and repeat the above steps.

M1 — M2
DR =—x 100 1
M1 . % (1)
where DR is the degradation rate of TPA (%), M1 is the initial mass of TPA (g), M2 is
the residue mass of TPA (g).

2.2.2 Temporary Plugging Experiment

Firstly, the temporary plugging performance of fiber, granule, and composite TPA with
different proportions of fiber and granule will be tested by the self-designed TPPED,
respectively, then through the TPPED to test the pressure-bearing capacity of the
temporary plugging layers. During the experiment, the simulated fracture width is
1 mm, and the experiment will last for about 30 min. The relevant experimental
parameters are listed in Table 2.

Table 2 Experimental parameters of plugging experiment

Temperature °C | Materials Fluid Experimental
pressure
(MPa)
25 Fiber, ceramsite TPF: 0.4% 0.4, 0.6, 0.8
Granule, ceramsite Guar gum fracturing
*Composite TPA fluid + 1 wt% TPA + 5%
(fiber + granule), ceramsite
ceramsite

“The proportions of the granule in composite TPA are 20, 40, 50, 60, 80%, respectively

In addition, the working process can be summarized as the following:

Prepare TPF, and pour TPF to the TPF container; select and install the desired
simulation fracture, through the compression bolt and compression screw sealing the
TPF container; connect the TPF container to the high-pressure gas source, and check
the air tightness; then through the pressure reducing valve adjusting the experimental
pressure; record the experimental data according to the measuring module at the same
time; decompression and empty the remaining gas; open the TPF container to observe
the temporary plugging layer in the simulated fracture; reconnect the device to test the
pressure bearing capacity of the temporary plugging layer.
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3 Results

3.1 Degradation Experiment

Degradability is a crucial property for TPA. The degradation speed of TPA can neither
be too fast nor too slow. If the degradation speed is too fast, it may cause the TPA to be
unable to give full play to the plugging performance. However, if the degradation speed
is too slow or even the TPA cannot degrade, the flow conductivity of the original
fracture may not be recovered and may cause pollution to the reservoir.

The DRs of TPAs at different temperatures are shown in Table 3. From Table 3, we
can see that when the experimental temperature is 25 °C, the DRs of fiber and granule
after 4 h are all 0%. When the experimental temperature is 70 °C, the DRs are less than
5% after 2 h and less than 10% after 4 h. According to the field experience, after the
TPF into the formation, most of the reservoir temperatures will drop to around 60-70 °
C due to the cooling effect of the liquid. This ensures that the plugging performance of
TPA is not affected by degradation when actually applied. When the temperature is
raised to 90 °C, the DRs of TPAs are more than 50% after 4 h, which have increased
obviously. And 24 h later, the fiber and granule can be degraded 98.3 and 95.8%,
respectively. After construction, the formation temperature will gradually rise. Some
formation even can reach above 100 °C. Therefore, the TPA can degrade rapidly in the
high-temperature condition, and the flow conductivity of the original fracture can be
recovered. To sum up, the degradability of the fiber and granule used in this paper can
meet the requirement of temporary plugging.

Table 3 The DRs of TPAs at different temperatures

Solution Temperature °C Time (h) DRs of TPAs %
Fiber Granule

Simulated formation water 25 2 0 0
4 0 0

70 2 4.3 35

4 8.1 5.2

90 2 33.5 35.9

4 56.1 61.1

24 98.3 95.8

3.2 Temporary Plugging Experiment

3.2.1 Fiber Plugging Experiment

The relation curves of leakage versus time at different pressures are shown in Fig. 4. As
shown in Fig. 4, the leakage curves all show the same trend, the speed of loss is quick
at the beginning, then the speed gradually slows down, and finally, the curves tend to
be steady. As the leakage increases, fiber will be pressed into the simulated fracture and
form a tight temporary plugging layer. With the accumulating of the fiber, the tem-
porary plugging layer will become tighter, and the speed of leakage will become slower
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and slower. And the system finally reaches a balanced state without leakage at each
experimental pressure. And the system finally reaches a balanced state without leakage
at each experimental pressure, which means that the fracture is blocked successfully.
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Fig. 4 Leakage of fiber TPF at different pressures

In addition, as shown in Fig. 4, the final fluid leakage of fiber TPF reduces by
44.4% with the pressure increases from 0.4 to 0.6 MPa. When the pressure increases
from 0.6 to 0.8 MPa, the final fluid leakage of fiber TPF reduces by 8%. During the
whole process, the overall decrement is 49.5%. The main reason is that as the pressure
increases, the transient leakage of TPF becomes greater. So the fiber, accumulating in
the cracks, is more easily entangled in a short time, an effective plugging layer will be
formed quickly, the latter fiber will be easier to be captured, and a benign cycle is
formed. Thus, as the pressure increases, the leakage will be reduced.

The fiber temporary plugging layer is shown in Fig. 5.

3.2.2 Granule Plugging Experiment
The relation curves of leakage versus time with different pressures are shown in Fig. 6.
It can be seen from Fig. 6 that all curves have similar rules. At the beginning of the
experiment, the loss rate is quick and then gradually slows down. The reason for this
phenomenon is that the temporary plugging layer gradually becomes tighter with the
time. And as shown in Fig. 6, with the experimental pressure increasing from 0.4 to
0.6 MPa, the fluid leakage of granule TPF is increased by 51.3%. When the pressure
increases from 0.6 to 0.8 MPa, the fluid leakage of granule TPF increases by 51.3%,
and the overall amount of increase is 76.3% from 0.4 to 0.8 MPa.

It should be noted that the experimental rule of granule (seen in Fig. 6) is contrary
to that of the fiber (seen in Fig. 4), which can be explained with the different plugging
principle of the fiber TPA and the granular TPA. Because of the entanglement
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Fig. 5 Fiber temporary plugging layer in the simulated fracture
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Fig. 6 Leakage of granule TPF at different pressures

deformation between the fibers which do not have the fluidity, and the squeezing force
and friction force generated between the fiber and the fracture coarse surface, the fiber
TPA will form a filter cake with a complex network structure. Thus, as the pressure
increases in a certain pressure range, the fiber will be compacted in a shorter time and
the amount of leakage will be less. However, due to the effect of viscosity and
dilatability which is generated by the granule dissolution, the granular TPA will be
stuck together to the surface of the crack and proppant. As the pressure increases, due
to the own certain mobility of granular TPA and the faster flow rate of TPF, it is more
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difficult to block the stimulated fracture with the dissolved matter of TPA. Thus, in
order to form an effective temporary plugging layer, more granular TPF needs to flow
through the plugging point of the fracture.

3.2.3 Composite TPA Plugging Experiment

The relation curves of leakage with time in different pressures are shown in Fig. 7. It
can be seen from Fig. 7 that all the composite TPAs can successfully block the sim-
ulated fracture. In the initial stage, the slope of the curve is large, which means that the
leakage rate is quick. With the increase in experimental time, the leakage rate gradually
slows down and even tends to be 0, which demonstrates that the experimental pressure
can be maintained, and an effective temporary plugging layer is formed. Figure 7 also
shows that the leakage of the composite TPA with a given proportion increases as the
pressure increases.
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Fig. 7 Leakage of different composite TPFs. a at 0.4 MPa; b at 0.6 MPa; ¢ at 0.8 MPa
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The final leakage of the composite TPFs at different pressures is shown in Fig. 8.
From Fig. 8 we can see that when the granule proportion is 60%, the leakage of
composite TPFs all reaches the bottom of the “funnel,” and the value of leakage is all
the minimum in each curve. That illustrates that 60 wt% granule and 40 wt% fiber are
the best-mixed mode, which can ensure that the plugging capacity of composite TPA is
the strongest among all the composite TPAs.
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Fig. 8 Final leakage of different composite TPFs at different pressures

Figure 9 shows the temporary plugging layer of the composite TPA (60 wt%
granule and 40 wt% fiber). As we can see from Fig. 9, the fiber, the granule, and the
ceramsite have a clear division of labor, and they successfully block the simulated
fracture together. The ceramsite in the TPF corresponds to the existing proppant in the
fracture and provides flow resistance for TPF throughout the process. When the TPF
flows through the simulated fracture, the fiber will bridge and intertwine with each
other between the fracture surfaces and the proppant, forming a complex and interlaced
network structure, increasing the movement resistance of the TPF. In addition, due to
the dilatability, viscosity, and poor fluidity of the granular TPA, the granular TPA will
attach to the surface of the fiber and have a compaction effect on the fiber layer. With
the accumulation of the granular TPA, the leakage channel of the fiber layer will be
filled gradually and finally forming a composite temporary plugging layer. With the
experiment going on, the above processes constantly repeat and cycle, and the com-
posite temporary plugging layer will superpose continuously and enhance the ability to
decrease leakage. Finally, an effective tight temporary plugging layer is formed.
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Fig. 9 The composite temporary plugging layer in simulated fracture

3.24 Pressure-Bearing Experiment

The pressure-bearing experimental results of fiber temporary plugging layer, granular
temporary plugging layer, and composite temporary plugging layer (60 wt% granule
and 40 wt% fiber) are shown in Table 4. It can be seen from Table 4 that the pressure-
bearing capacity of the fiber temporary plugging layer is the weakest, the maximum can
bear the pressure is 3.7 MPa, the pressure-bearing capacity of granular temporary
plugging layer is 4.5 MPa, and the pressure-bearing capacity of the composite tem-
porary plugging layer is stronger than fiber and granular temporary plugging layers
which can reach 7.1Mpa. The result means that the composite TPA (60 wt% granule
and 40 wt% fiber) has excellent plugging performance and can meet the requirements
of the blocking and steering of reservoirs.

Table 4 Pressure-bearing experimental results of temporary plugging layers

TPA Fiber TPA Granular TPA Composite TPA
Pressure (MPa) 3.7 4.5 7.1

4 Conclusions

With the study of the experiments in this paper, following conclusions can be drawn:

(1) According to the results of degradation experiment, both the JRS-1 fiber TPA and
QXD-1 granular TPA have appropriate degradability for temporary plugging
technology. At ground temperature, the TPAs will not be degraded. They will be
degraded less than 5% at construction temperature after 2 h, which does not affect
the using effect. And the TPAs can be degraded more than 95% at high tem-
perature condition to recover the flow conductivity of original fracture.

(2) According to the results of temporary plugging experiment: JRS-1 fiber TPA,
QXD-1 granular TPA, and composite TPAs can block the stimulated fracture.
When the ratio of granular TPA is 55-65 wt%, and the ratio of fiber TPA is 3545
wt%, the composite TPA has better plugging effect than that of the fiber and
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granular TPA used alone. And the plugging effect of the composite TPA with 60
wt% granule and 40 wt% fiber is the best.

According to the results of pressure-bearing experiment, composite temporary
plugging layer (60 wt% granule and 40 wt% fiber) can withstand the pressure of
7.1 MPa., it is much higher than the fiber or granular temporary plugging layer. It
means that the composite TPA (60 wt% granule and 40 wt% fiber) has excellent
plugging performance and can meet the requirements of the blocking and steering
of the general reservoir.
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