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INNOVATIVE TECHNOLOGIES OF OILAND GAS

APPLICATION OF MULTI-VERTICAL WELL SYNCHRONOUS HYDRAULIC
FRACTURING TECHNOLOGY FORDEEP COALBED METHANE (DCBM)
PRODUCTION

Zhaozhong Yang,' Rui He,' Xiaogang Li,' Zhanling Li,>

Ziyuan Liu,’ and Yanjun Lu*

In this paper, we propose a method for multi-vertical well synchronous hydraulic fracturing and
compare with synchronous fracturing technologies used in shale. Based on theoretical analysis and
triaxial fracturing experiments, we have shown that “face interference” in multi-vertical well
synchronous fracturing helps to connect the cleats and generate complex fracture networks. The
developed three-step method for designing synchronous fracturing technology was tested under field
conditions. The results showed that application of synchronous fracturing decreases the gas
breakthrough time in the wells and increases DCBM (deep coalbed methane) production. Furthermore,
stress interference generated by synchronous fracturing has a positive impact on the production rate
of wells adjacent to the experimental area.

Keywords: deep coalbed methane (DCBM), synchronous hydraulic fracturing, stress interference,

design method.

Proved coalbed methane (CBM) reserves are found in more than seventy countries.
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According to geological survey data, China is ranked third in the world in coalbed methane reserves at
a depth lower than 2000 m, volume 36.81 trillion m* [1]. The Chinese government supports investment in exploiting
CBM. The volume of methane reserves at a depth lower than 1000 m is 62.2% of the proved reserves. In recent
years, attention has increasingly been focused on exploiting DCBM in China [2].

Geological survey data show that DCBM reservoirs are characterized by the following parameters:

- The geological structure of the reservoirs is characterized by the presence of a stress field. The cleats
are more widely distributed in deep coalbeds.

- Under high temperature and high stress conditions, the coal reservoir permeability and its mechanical
properties are nonuniformly distributed.

- The reservoir exhibits significant heterogeneity in properties in the horizontal and vertical directions,
and high values of the principal stress and stress difference in the horizontal direction.

Hydraulic fracturing is widely used in exploiting CBM reserves [3, 4]. The following difficulties arise in

application of DCBM fracturing.

1. The low porosity and permeability of deep coalbeds makes flow of methane in a porous medium
difficult [5]. As a result, the fracturing technology applicable in shallow coalbeds is not effective in
deep coalbeds.

2. Deep coalbeds have a quite well developed natural fracture system [6], including face cleats and butt
cleats. Generally active water with low viscosity is used as the fracturing fluid. Then the filtration
losses increase, and the likelihood of forming a long fracture is reduced.

3. Because of the large fracturing fluid losses [7], the proppant is difficult to be transported by the

active water.

For DCBM reservoirs, characterized by a high horizontal principal stress difference, the conventional
single-well fracturing technology does not generate a large number of cleats. As a result, the stimulated reservoir
volume (SRV) is small [8]. In this case, the gas drainage area and the volume of methane production are not
large. We need to propose a new technology for exploiting DCBM which will let us activate and connect the
cleats and increase the SRV [9].

Published data on the Fort Worth Basin (Texas USA) show that application of synchronous fracturing
in two adjacent horizontal shale gas wells resulted in a significant increase in production [10-12]. Analysis of
the data showed that the increase in shale gas production is explained by superposition (interference) of
stresses generated by fracturing in the adjacent well [13]. Earlier research indicated that the generated hydraulic
fracture induces stress in the surrounding area. Applying the displacement discontinuity method (DDM), for
each element i we can calculate the induced stress using the formula [14]:
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where o, is the shear stress for the midpoint of element i, MPa; o, is the normal stress for the midpoint of
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displacement discontinuity of element j, m; D, is the normal displacement discontinuity of element j, m.

The final horizontal stress can be expressed as:
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where oy, o0, are respectively the final maximum and minimum horizontal principal
stress, MPa; o, , o,are respectively the initial maximum and minimum horizontal principal

stress, MPa; o,, , o,, arerespectively the induced stress in the direction of the maximum horizontal principal
stress and the induced stress in the direction of the minimum horizontal principal stress, MPa.

Typically the induced stress in the direction of the horizontal minimum principal stress is significantly
higher than the induced stress in the direction of the maximum horizontal principal stress (Fig. 1). Thus in the
stress interference area, the minimum horizontal principal stress increases much more than the maximum horizontal
principal stress, and consequently the horizontal stress difference decreases even to reorientation of the
horizontal principal stress direction. Under such conditions, coal cleats are easily opened and connected,
forming a fracture network. Assessing the positive results of synchronous fracturing for shale gas, we proposed
a multi-vertical well synchronous fracturing technology for DCBM. The technology has the following advantages.

1) In a deep coalbed, face cleats and butt cleats are formed that are more widely distributed than natural
fractures in shale. The cleats are connected during synchronous fracturing.

2) With synchronous fracturing of horizontal wells, the fracturing operation is carried out in stages
from the well toe to the well heel. In each stage, two fractures are formed simultaneously that are directed along
the same line, and the interference area is mainly distributed in the region between the fracture tips (“tip
interference”) (Fig. 2a). For vertical wells, the stress interference area is widely distributed between the two

parallel fractures (“face interference”) (Fig. 2b). Obviously such “face interference” has an advantage over “tip
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Fig. 1 Induced stress in the direction of minimum (dashed line) and maximum (solid

line) horizontal principal stress.
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interference” and generates a fracture network. Theoretically, the more vertical wells participating in the
synchronous fracturing operation, the more effective the stress interference becomes.

3. In contrast to shale gas, when exploiting CBM the water drainage period is much longer, even as long
as several years [15]. We can significantly shorten the water drainage time by using synchronous fracturing, in
which the coalbed is broken into many blocks and high pressure drop areas appear in the reservoir. When using
more than two wells, a wider pressure drop area is formed, synchronous water drainage effectively reduces the
reservoir pressure, and the gas production volume significantly increases.

Triaxial simulation was used to experimentally study fracture propagation [16]. The experimental samples
of high rank coal (30% 30x 30 cm cubic blocks) were obtained from samples drilled from a deep coalbed in
Qinshui Basin (China). In order to simulate a vertical well, we used a steel tube of diameter 1 cm. The role of the
fracturing fluid was played by active water, colored by a red dye. The face cleat was parallel to the direction of
the maximum horizontal principal stress. In the experiments, we used two coal samples: one to simulate
single-well fracturing, and the other to simulate synchronous fracturing. The experimental conditions were the
following: vertical stress 14.2 MPa, maximum horizontal principal stress 15 MPa, and minimum horizontal principal
stress 11.3 MPa.

The results showed that in simulating single-well fracturing, multiple fractures appear in the sample but

Mechanical ]
characteristics Horizontal stress Well location
| |
|
Selecting well and reservoir
|
I
Optimization
factors
I |
Optimized Prepad rate| | Slug number Slurry rate
function: SRV I I I
Fluid volume ;[))erref:r?t Sand ratio
[ |
I
I |
Meyer software Orthogonal design
I |
I
Parameter combination for
single-well fracturing
|
[ ]
Volume Selecting
adjustment technology
1
|
Multi-well simultaneous fracturing
plan

Fig. 4 Flow chart for designing synchronous multi-well vertical fracturing technology.
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they did not open the cleat, and no fracture network was formed (Fig. 3a). In the experiment with two synchronous
wells (simultaneous fracturing), for the same load conditions the fracture pattern is quite
different (Fig. 3b). First of all, a hydraulic fracture is initiated from well 1 along the line of maximum horizontal
principal stress, from which a butt cleat is formed because of stress interference from well 2. With further
propagation, it is connected with the face cleat between wells 1 and 2. On the other hand, the hydraulic fracture
of well 2 propagates in the direction along the butt cleat and is connected with the line of the face cleat. In
contrast to single-well fracturing, with synchronous fracturing the hydraulic fractures, face cleats, and butt
cleats form a fracture network.

The design method for the multi-well synchronous fracturing operation includes three stages: selecting
the wells and reservoirs, optimizing the fracturing parameters for each well, and optimizing the parameters for
synchronization of the wells. Fig. 4 shows the flow chart for the design algorithm.

Propagation of the fracture network is simulated by the discrete element method (DEM) based on initial
data for the mechanical properties of the coal matrix and cleats, the vertical stress values, and the fracturing
parameters [17]. Selection of the optimal wells and reservoirs is based on comparing the calculated area of the
fracture network for different input parameters. The simulation results for hydraulic fracturing show that a high
initial value for the horizontal stress difference has an unfavorable impact on the effectiveness of forming the
fracture network. When the horizontal principal stress difference is less than 6 MPa, the fracture networks
created by each well can be satisfactorily connected (Fig. 5a). For coalbeds with a high Poisson’s ratio, the
fracture network for each well is not large. As shown in Fig. 5b, if Poisson’s ratio is equal to 0.4, the regions of
induced fractures do not intersect. Theoretically, the recommended value of Poisson’s ratio should be less

than 0.3. Furthermore, a complex fracture network is more effectively formed for longer fractures, higher fracture

Table 1
Factors Volilmmec,l . frZZiEfi?lg P::‘f)eid Sl;r_gr/}rlnriite’ s:n\Zlel;itgiz, m?rﬂlt%er
fluid, % m3/min %o
Level 1 450 25 4 6 9 0
Level 2 500 30 5 6.5 10 1
Level 3 550 35 6 7 11 2
Level 4 600 40 7 7.5 12 3
Level 5 650 45 8 8 13 4
Table 2
SRV, m®
volume_| pocemage | e | S | i io | umber
31730 28790 37700 39110 39060 28940
35660 34190 41060 39660 38160 30780
38460 40750 38440 38220 39860 40230
47770 44040 41230 38130 39480 45040
42370 48220 37550 40870 37420 49100
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net pressure, and lower fracturing fluid viscosity. The distance between wells and selection of the number of
wells (more than two) also affect the appearance and expansion of the stress interference region and formation
of the fracture network.

The parameters for each well are optimized with respect to the volume of the stimulated reservoir
volume (SRV). Based on ficld data, we select the optimized parameters of the well: the fracturing fluid volume,
the prepad fracturing fluid percentage and the prepad rate, the slurry rate, the average sand ratio, and the slug
number. We used the Meyer software for the optimization (a popular program for simulating hydraulic fracturing).
Optimization was done by constructing an orthogonal design L, (5°), containing 6 parameters and 5 factor
levels (Table 1). For optimization of the SRV, it is sufficient to carry out 25 simulation experiments for different
parameter combinations. Table 2 shows the visual analysis of the results for the average SRV for each parameter,
the maximum SRV for each parameter corresponds to the optimal parameter combination (level). We can see that
the optimal parameter combination for single-well fracture is as follows: fluid volume 600 m?®, prepad
percentage 45%, prepad rate 7 m*/min, average sand ratio 11%, slug number 4.

In order to enhance the stress interference effect in the synchronous fracturing technology, we selected
four wells with parameters corresponding to the required conditions (Fig. 6). Target coalbed No. 3 belongs to a
deep coalbed. In order to increase the SRV, the injected fracturing fluid in the two farthest wells (I and [V) was
increased to 800 m?, which guarantees sufficient fracture length and helps expand the area of stress interference.
The remaining two wells were injected with 600 m? of fracturing fluid. Furthermore, during the entire fracturing
period, fracturing was accompanied by injection of proppant to increase the fracture net pressure and
the SRV. The amount of proppant was selected so that the best fracture conductivity would be achieved.

The synchronous fracturing technology was successfully used in the four selected
wells. The microseismic monitoring results [18] show that a fracture network was generated in all four
wells (see Fig. 6), and the SRV for each well is 4.76x10° to 1.054x10° m?® (Table 3). On the other hand, we observed
deviation of the fracture azimuths for each well from the maximum horizontal principal stress direction, which is
quite consistent with the triaxial simulation results.

Table 4 shows the production data. We see that the four wells participating in the synchronous fracturing
initially showed gas production within 62 days, i.e., much earlier than the adjacent conventional
wells (such as VII, VIII, 1X). The critical desorption pressure for the four wells ranged
between 2.2 MPa and 3.5 MPa, which is relatively high. As a result, gas production is significantly easier with
synchronous fracturing. The gas production volume in these wells is significantly higher: in three of them, the

daily gas production was greater than 800 m*/day in January 2018 (Fig. 7). We also see that the casing pressure

Well 11

Well IV

Well 1
Well I1I

Fig. 6 Stimulated area from microseismic monitoring.
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Table 3

Main fracture Fracture network range, m
1 3
Well length, m Azimuth from east to from north SRV, m
west to south
I 240 NE 9° 130 240 624000
II 260 NE 30° 140 220 616000
11 310 NE 25° 170 310 1054000
v 180 NW 40° 140 170 476000
Table 4
(o) < > >
) < S . = o=
Well g Bw 2" 2 5c8 e g
el type = | g2 | &2 2 | St | S5
= | =° | =2 a2 | 283 | gs=
0 S S% g5a | FBa
= ot =8 0 82 &2
© =i 7 2-0 5
g 1° | |78 |<&
I 15 2.8 0.16 956 0.1
11 14 2.2 0.25 353 0.1
Synchronous fracturing wells
M1 8 3.5 0.38 802 0.1
v 62 29 0.30 1001 0.1
. S v 14 2.3 0.77 413 0.1
Adj ac%nt wells eﬁ(perlenc ng %lrllt,erference
FOTH SYREATONOUS Tractuing VI 14 27 030 518 0.1
Vil 996 1.4 0 0 0
Adj 11 ienci
interferénce from ssyllll(é FOhoUS ?rcalgt%ring VI no gas — 0 0 0
IX 265 1.6 0 0 0

in each well remains stable for DCBM production. Water production from each well remains at a low level and
does not exceed 0.1 m*/day, which means good seepage channels for gas production.

In two adjacent wells (V and V1), single-well fracturing was implemented earlier. In order to increase gas
production in these wells, they began to drain water at the same time as the four synchronous fracturing wells.
The results showed that in wells V and VI, we also observed good production capacity. The gas breakthrough
time for the two wells was no more than 14 days (see Table 4). Obviously the stress interference area induced by
synchronous fracturing spreads to the two adjacent wells, and leads to a significant pressure drop, which helps

gas desorption and an increase in production. In the other three adjacent wells (VIIL, VIII, and IX), no synchronous
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Fig. 7 Gas production for different wells (see numbers on curves).

fracturing was implemented and they did not drain water at the same time as the other wells. As a result, in these
wells we did not observe a rapid drop in reservoir pressure, and the gas breakthrough time was significantly
longer.

We can conclude that application of multi-vertical well synchronous fracturing technology helps increase
production not only in the wells undergoing the fracturing operation, but also in adjacent wells. The developed

technology can be successfully used to develop DCBM vertical wells.

This research was financially supported by the National Foundation for Major Projects in Science
and Technology of China (2011ZX05042-002-001) and the Qihang Foundation of Southwest Petroleum
University (No. 431).
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