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At present, in situ blasting fracturing with formation methane is identified as an effective method for shale gas stimulation. In this
paper, based on the in situ temperature and pressure conditions, a horizontal wellbore model filled with methane was established
to simulate the methane-air mixing characteristics in wellbore during air jet. According to the distributions of the methane
concentration and flow field characteristics, methane-air mixing inside the wellbore can be divided into three types: free
diffusion mixing, turbulent pulsating mixing, and regenerated vortex mixing. Due to the limitation of fixed jet, the methane
concentration beyond the jetting region changed little. In addition, the moving jet was used to realize the mixing of methane
and oxidizer in wellbore. The sensitivity of different parameters to the distribution of the methane concentration in wellbore
was discussed. The results showed that the methane concentration was more sensitive to the wellbore diameter and nozzle
diameter. The moving velocity of nozzle was closely related to the distribution uniformity of the methane concentration in
wellbore. The moving velocity of nozzle was selected as a single influence parameter to adjust the uniformity of methane
distribution in the wellbore, to ensure that methane concentration was within the explosion limit.

1. Introduction

Unconventional oil and gas resources are recognized by the
global energy industry as important alternative energy sources.
But economic production of these resources requires fractur-
ing stimulation [1]. At present, hydraulic fracturing is the
main method to increase the production of unconventional
oil and gas resources. However, unconventional oil and gas
resources are concentrated in water-deficient areas, and the
reservoir clay content is generally high [2, 3]; the process of
exploitation by hydraulic fracturing faces the problem of huge
consumption of water resources. In addition, clay minerals
tend to expand when they meet water and eventually block
the gas seepage channel [4]. Recently, the in situ blasting frac-
turing with formation methane is proposed. The mechanism
of this technology is the same as the high-energy gas fractur-
ing. It does not add sand and water. Therefore, it does not need

to use special drainage measures after fracturing, and it is use-
ful for environmental protection [5]. However, this technology
is still in basic research. There are still many basic problems to
be studied. In this paper, we mainly study the mixing charac-
teristics of oxidizers and in situ methane.

Relevant studies showed that under the condition of uni-
form mixing of methane and oxidizer, the explosion limit
range of the mixture of methane oxidizer will be further
broadened and the explosion pressure can be further
enhanced [6]. In addition, jet feeding can promote the com-
position to reach molecular level uniformity quickly in the
reactor and improve the performance of the reactor [7].

Conventional jet is mainly used for impact cooling,
impact crushing, jet combustion, and so on. Gong et al. [8]
studied the parameter characteristics of high-speed air jet
impacting granular material layer and obtained the influence
law of different parameters on the impact capacity of
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microporous jet. Cheng et al. [9] established the fracturing
flow field of supercritical carbon dioxide jet in the perforated
cavity and discussed the influence rule of nozzle pressure
drop, nozzle diameter, annulus pressure, and carbon dioxide
temperature on the pressure boost effect. In addition, the
combustion efficiency can be improved by rapidly mixing
fuel and air with jet in the combustion furnace [10]. Lyu
et al. [11] simulated the temperature effects of different com-
bustion models on the thermal jet.

Most of the investigations on gas jet mixing were con-
centrated in chemical industry. Wu et al. [12] studied the
influence of momentum ratio and structural parameters on
the mixing effect, developed a gas mixer, and realized rapid
and efficient mixing of gas. Pei et al. [13] used Fluent soft-
ware to simulate gas-gas rapid injection mixer in ethylben-
zene dehydrogenation unit and studied the mixing effect of
rapid injection mixer in ethylbenzene dehydrogenation unit.
Sroka and Forne [14, 15] proposed the simplest bend and T-
tube mixer. Giorges et al. [16] found that the more nozzles in
a mixer, the better the mixing effect would be. To character-
ize the mixing effect, Devahastin and Mujumdar [17] pro-
posed the standard of mixing index (MI), which
symbolized the uniform temperature mixing effect. For the
mixing process of fuel and air in a confined space, Liscinsky
et al. [18] and Holdeman et al. [19] introduced the index of
nonuniformity (Ns) to quantitatively measure the mixing
degree of fuel and air.

The methane oxidizer mixing time in the wellbore can be
much longer than the gas mixing time in conventional pre-
mixed burners. Thus, the mixing mode in this environment
is not only jet mixing but also static mixing. In addition, the
mixing degree is higher than the jet mixing. In this paper,
the air was selected as the oxidizer, to establish the sub-
merged jet mixing model, which could be used to simulate
the mixing type of jet in wellbore. The dynamic mesh model
was used to simulate the distribution of methane compo-
nents in the wellbore after air injection in the form of the
moving jet. Then, the influence of different parameters on
the distribution of methane component in wellbore was
researched. The relevant parameters were adjusted accord-
ing to the rule that the methane distribution in the wellbore
was uniform, and the concentration was within the limit of
explosion. Moreover, the overall trend was close to the opti-
mal explosion concentration.

2. Horizontal Wellbore Gas Injection
Mixing Model

2.1. Geometric Model. As shown in Figure 1, a two-
dimensional reference model of the submerged jet flow field
in wellbore was established. Before the injection of air, the
wellbore was filled with uniformly distributed methane.
The flow field is mainly composed of the inner space of noz-
zle, the annulus between the wellbore and operating tube.
The grid of the flow field was divided into three regions by
the local meshing method: the encrypted nozzle region with
a large variation of the pressure gradient, the encryption
region directly affected by the jet flow, and the sparse region.
The inlet of the flow field was set as the pressure inlet

boundary, and the pressure value was equal to the nozzle
inlet pressure. The outlet of the flow field was set as the pres-
sure outlet boundary. The contact boundaries between the
nozzle outlet and the flow field in the wellbore and between
the encryption and the sparse zones were set as the inter-
faces. All other boundaries were set as nonslip wall bound-
aries. The outlet pressure (ambient pressure) and ambient
temperature remained constant, and the position of the noz-
zle changed with time.

2.2. The Governing Equation. The heat transfer was not con-
sidered in this paper, so the energy equation was ignored.
Since the influence of gravity could be ignored by high-
speed jet flow, the simplified mass equation was expressed
as [20]
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where ρ is the density of fluid, kg/m3; t represents the flow
time, s; u1, u2, and u3 represent the velocity in three direc-
tions along the triaxial coordinate system, m/s; and Sm is
the mass increase of the continuous phase caused by the dis-
crete phase, kg/(m3·s).

The momentum equations were as follows [21]:
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where ρ is the density of fluid, kg/m3; P is the fluid pressure,
Pa; u1, u2, and u3 represent the velocity in three directions
along the triaxial coordinate system, m/s; and μ represents
the dynamic viscosity, Pa∙s.

State equation:

ρ =
pop

R/Mwð ÞT , ð5Þ

where ρ is the density of fluid, kg/m3; T represents the tem-
perature, K; R is the universal gas constant, mol-1·K-1; Mw
represents the molecular weight of the gas; and Pop is the
operating pressure, Pa.
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2.3. The Turbulence Model. In 1986, Yakhot and Orszag [22]
used renormalization group theory to establish a new turbu-
lence model, the RNG k − ε turbulence model, in which the
coefficients were deduced theoretically and could be used
to predict two-dimensional unsteady flow in fluids. Com-
pared with the standard k − ε model, the RNG k − ε model
contains the bending and rotation flows in the average flow
and can better calculate the flow bending (rotation) caused
by vortex breakage and attenuation near the jet impacting
wall, as well as the flow with high strain rate and large flow
bending degree.

The k and ε in the transport equation of the RNG k − ε
turbulence model are defined as follows:
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where k is the turbulent kinetic energy, J; αk is the inverse
effective turbulent Prandtl number of k, dimensionless; Gk
is the generation of turbulence kinetic energy due to the
mean velocity gradients, kg∙J/(m3∙s); Gb represents the gen-
eration of turbulence kinetic energy due to buoyancy, kg∙J/
(m3∙s); YM represents the effect of pulsating expansion on

the dissipation rate of turbulent kinetic energy in compress-
ible flows, kg∙J/(m3∙s); Sk is the user-defined source term,
kg∙J/(m3∙s); ε is the divergence rate of turbulent kinetic
energy, dimensionless; αε is the inverse effective turbulent
Prandtl number of ε, dimensionless; Cμ, C1ε, C2ε, and C3ε
represent the empirical constant, dimensionless; and Sε is
the user-defined source term, kg∙J/(m3∙s).

Table 1 shows the default constants for turbulence
models.

3. Mixing Characteristics of Fixed Air Jet
and Methane

The above models were used to simulate the submerged jet
flow field of the air injection in horizontal wellbore, as
shown in Figure 2. The simulations were performed with
the species transport model in FLUENT. The methane-air
mixture model existing in the database was selected. In this
simulation, to conform to the engineering practice, the
diameter of the wellbore was initially selected as 120.6mm,
and the built-in micronozzle was 1mm in diameter, which
was connected to the operating pipe with a diameter of
25.4mm. The outlet of the flow field was the annular pres-
sure outlet, and the outlet pressure was the ambient pres-
sure. The nozzle inlet was the pressure inlet boundary,
which was located on the same section as the outlet. In addi-
tion, we set the outlet pressure as 5MPa and the inlet pres-
sure as 10MPa to decrease the difficulty of operation on
the ground and the amount of methane dilution. The tem-
perature of the fluid had little influence on the strength
and range of the jet [23], and the fluid temperature was set
to be 330K, which was consistent with the ambient temper-
ature. When the air passed through the contraction section
of the nozzle, the pressure decreased and the speed increased
rapidly. It made the collision of gases more violent. After
passing through the straight section of the nozzle, it became
complete turbulence in a short time. Due to the turbulence
pulsation, the air jet beam was mixed with the surrounding
static methane, and the surrounding methane would be
enfolded by the jet fluid, resulting in entrainment, expansion

Nozzle regionEncryption region

Sparse region

Figure 1: Flow field grid model.

Table 1: Default constants for turbulence models.

αk αε Cμ C1ε C2ε C3ε β η0

1.393 1.393 0.085 1.42 1.68 0 0.012 4.38
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of the cross-section, and attenuation of the center velocity. It
could ensure the gas mixing in the region where the jet
passed.

As shown in Figure 3, we conducted a simulation of
methane component distribution in wellbore after 1 s of
fixed air injection. There was an arc boundary in the middle
of wellbore. The methane concentration in the boundary
was greatly affected by jet, and it remained unchanged
behind the boundary. This boundary was called the jet influ-
ence boundary.

To reveal the momentum transformation process in the
process of air jet injection, methane concentration and fluid
velocity of four observation interfaces close to the nozzle
(linear distance from the nozzle is 0.05m, 0.1m, 0.15m,
and 0.2m) within the jet boundary were obtained. As shown
in Figure 4, along the axial direction of wellbore, the farther
away from the nozzle, the trend of fluid velocity showed flat-

ter. Along the radial direction of wellbore, the farther away
from the axis, the velocity was closer to zero. Along the
radial direction of wellbore, the methane concentration
tended to decrease along both sides of the central axis. How-
ever, along the axial direction of wellbore, the farther away
from the nozzle, the jet energy was lower. In this case, the
degree of substance exchange was lower, and the methane
concentration was higher.

Based on the flowing law of fluid, the type of mixing in
the wellbore was classified into three categories, as shown
in Figure 5. The first region was called free diffusion mixing,
which was not affected by the jet. The fluid in this region was
mainly methane. After slight disturbance from the outside,
the methane molecule occurred diffusion, but the exchange
of mass did not occur between methane and air. The second
region was called the turbulent pulsating mixing, which was
affected directly by the jet. This part was the main section of
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Figure 2: Geometric model.
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Figure 3: Methane volume fraction in wellbore.

0
50

100
150
200
250

–0.06 –0.04 –0.02 0.00 0.02 0.04 0.06

Radial distance (m)

28.0
28.5
29.0
29.5
30.0
30.5

Axial distance
0.05 m
0.10 m

0.15 m
0.20 m

M
et

ha
ne

 v
ol

um
e

fr
ac

tio
n 

(%
)

Ve
lo

ci
ty

 (m
/s

)

Figure 4: Methane volume fraction and fluid velocity along the radial direction in wellbore.
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mixing, and its structure was the same as the free jet. The
region enveloped by the inner boundary of jet was called
the core region of jet, in which the speed remained the initial
speed of nozzle exit. In this region, the exchange of species
between air and methane and the attenuation of energy did
not occur. Thus, this region was completely occupied by
air. As the outer boundary expanded, the boundary layer
increased and more methane was ensnared. As the jet core
region disappeared, the jet structure transformed from the
initial part to the main part. In this region, the air and meth-
ane collided violently with each other, and the energy and
the velocity decreased gradually. The third region was the
regenerated vortex mixing, which was different from the
general free jet structure. With the expansion of jet bound-
ary, the fluid around the jet structure migrated toward the
outlet. The front end of the jet began to vortex under the
action of extrusion and entrainment flow, and the growth
of the vortex structure and distortion was considered to pro-
mote the formation of the methane-air mixture formation
process [24]. In this area, the mixture of methane-air was
mixed again, and the degree of mixing increased.

4. The Mixing Characteristics of Methane and
Moving Air Jet

The limitation of a fixed jet was that the jet distance was lim-
ited and the fluid at the far end cannot be fully mixed. To
ensure the uniform distribution of mixed combustible and
explosive mixture in the wellbore, we carried out a numeri-
cal simulation of methane and moving air jet mixing in well-

bore. And the influence of wellbore diameter, nozzle
diameter, and moving speed of nozzle on the uniformity of
methane distribution in wellbore was investigated. As shown
in Figure 6, the nozzle was positioned 3mm away from the
vertical wellbore wall and the operating pipe occupied some
space in the interior of wellbore during the initial time. As
the air injection began, the nozzle moved from the end of
the wellbore to the outlet at a special speed and the newly
generated encryption region would be occupied with the
mixture of air and methane until the mixing was completed
in the selected section.

4.1. Wellbore Diameter. To study the law of distribution of
methane components in the wellbore with different sizes,
the diameters of wellbores were, respectively, set as
50.8mm, 73mm, 98.4mm, and 120.6mm. As shown in
Figure 7, with the increasing of wellbore diameter, the meth-
ane concentration in the wellbore increased remarkably, and
the dilution degree of methane decreased subsequently. In a
small wellbore, the wellbore diameter was lower than the
thickness of the jet expansion. In the middle of the jet expan-
sion section, some fluid was vortexed under the action of
extrusion and entrainment flow. Because the energy of the
middle fluid did not decay more dramatically than the ter-
minal fluid, the velocity of fluid was higher, and the intensity
of gas mixing was stronger. However, the control precision
for air injection increased with the decreasing of the diame-
ter of wellbore, which would reduce the efficiency of opera-
tion. Therefore, an appropriate initial jet velocity and a
reasonable diameter of wellbore were conducive to the suffi-
cient mixing of methane and air in wellbore for site

Vortex region Jet region 

Velocity (m/s) 

Free diffusion region 

Velocity vectors

0.00 275.82 551.64 827.45 1103.27 1379.09 1654.91 1930.73 2206.55 2482.36 2758.18

Figure 5: The type of methane-air jet mixing.

Solid region Pipe interior

Annulus outletPressure inlet

Figure 6: Geometric model of moving jet.
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construction, so that the explosion limit of methane was
realized.

4.2. Nozzle Diameter. As shown in Figure 8, when the diam-
eter of nozzle increased from 1mm to 2mm, the dilution
degree of methane increased greatly. As the diameter of the
nozzle exceeded a certain size, the dilution degree of meth-
ane decreased slowly. As the diameter of the nozzle
increased, the diffusion angle and the spreading thickness
of jet increased. Consequently, the influence range of jet
increased. Thus, the methane concentration in wellbore
was easy to be diluted below the lower limit of methane

explosion as the air was injected from the larger diameter
nozzle. On the contrary, the methane concentration in well-
bore was not fully diluted when the air was injected from the
smaller diameter nozzle, which was still above the upper
limit of explosion. In this case, the conditions of explosion
cannot be formed in wellbore. Thus, it could be seen that a
nozzle with a small diameter was beneficial to control the
methane concentration in wellbore.

4.3. Moving Speed. The air injection in wellbore was a
dynamic process. In addition to enlarge the contact area
between jet and wellbore, a moving speed of operating tube
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was applied. As shown in Figure 9, the moving speed of noz-
zle changed the component distribution of methane in well-
bore. The higher the moving speed, the more methane
remained in wellbore. The jet flow structure varied at differ-
ent sections of wellbore, although the moving speed of noz-
zle was kept constant. As a result, the distribution of
methane component varied in different axial sections of
wellbore after air jet injection. There was an obvious phe-
nomenon of methane accumulation near the vertical wall,
and the distribution of methane concentration became more
and more uniform as it was far away from the vertical wall.
At a certain length along the axial direction, the difference in

the methane concentration would be negligible. This was
because as the nozzle moved along wellbore, the mixing of
methane and air overcame the limitation of jet region. How-
ever, the methane concentration was diluted indirectly in the
region within the influence limit range of jet. When the air
jet passed through the wellbore, the concentration of meth-
ane tended to be lower and lower near the outlet.

4.4. Parameter Adjustment. For fixed air jet injection, meth-
ane and air could be fully mixed in wellbore, but the unifor-
mity of distribution needed to be improved. Figure 10 shows
the trends of the methane concentration in four sections
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near the nozzle due to the moving jet. Along the radial direc-
tion of the wellbore, the concentration difference of each sec-
tion was below 1%, and the farther away the section from the
nozzle, the smaller the concentration difference. However,
along the axial direction, there was an obvious methane con-
centration area near the wall. With the increasing of the dis-
tance to the wall, the methane concentration decreased
gradually.

The main purpose of the adjustment was to make the
methane concentration in the whole wellbore within the
explosion limit, and the methane distribution was uniform
as far as possible. In addition, the adjustment would make
the methane concentration close to the theoretical optimal
explosion concentration. In this case, the stoichiometric
methane concentration was 1.07 times [25]. It was known
that the explosion limit of methane in the air at room tem-

perature and pressure was 5%~15%, but the wellbore envi-
ronmental pressure in this paper was 5MPa and the
temperature was 330K. When the temperature was below
373K, the influence of temperature on the explosion limit
of combustible gas can be ignored [26], and the explosion
limit under high pressure can be ensured as follows [27]:

Lp1 = L1 + 20:6 × lg P + 1ð Þ,
Lp2 = L2 − 0:71 × lg P + 1ð Þ,

ð9Þ

where Lp1 and Lp2 are, respectively, the upper and lower
limits of explosion of combustible gas under high pressure,
%; L1 and L2 are, respectively, the upper and lower limits
of explosion of combustible gas under atmospheric pressure,
%; and P is the initial pressure, MPa.

As the initial nozzle velocity, nozzle diameter, and gas
injection time were given, the injection volume of air can
be calculated. To ensure that methane in the wellbore was
within the limit of explosion (4%-50%), that is, the injection
volume of air should be kept between 50% and 96% of the
wellbore volume. According to the above results, when the
pressure difference between the inlet and outlet was con-
stant, the initial velocity of jet (i.e., the velocity of nozzle out-
let) remained constant. The injection time and injection
volume at different positions can be controlled by control-
ling the moving speed of nozzle. The fixed speed of jet was
changed to variable speed by adjusting the moving speed
of nozzle. In this paper, the moving speed of nozzle was
accelerated first and then kept at a constant speed. In this
way, the nozzle could stop near the wall for a long time.
The injection volume of air was enough to dilute the accu-
mulated methane at the end of wellbore, and the methane
concentration in the latter section remained flat. As shown
in Figure 11, six different variable speed schemes were tested.
The initial speed was 0, and the speed remained constant
after accelerating to a certain value until the operating tube
was pulled out of the wellbore. As shown in Figure 12, the
variable speed of each interval reduced the methane concen-
tration; the difference of the methane concentration along
the axial direction in wellbore became smaller. Among them,
the sixth scheme worked best, the moving speed increased
from 0 to 0.21m/s in the 3 s, and the distribution of the
methane concentration tended to be 10% of the optimal
concentration.

5. Conclusion

In this paper, the numerical simulation of methane flow field
impacted by air jet in wellbore was carried out by Fluent
software, and we drew the following conclusions.

There was a jet influence boundary for air jet injection in
the wellbore, and the methane concentration outside the
boundary was not affected by the jet.

The mixing types of methane and air jet in wellbore can
be divided into three types according to jet structure, one
was free diffusion mixing without the direct influence of
jet, the other was turbulent pulsation mixing directly
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influenced by jet, and the third was vortex mixing formed
under the action of extrusion and entrainment flow.

The movement of nozzle was conducive to the mixing of
methane and air jet. In this case, the distribution uniformity
of combustible and explosive gas in wellbore was improved.

When the fixed jet was used to conduct the mixing of
methane and air in wellbore, there was an obvious inhomo-
geneity of methane distribution along the axial direction of
wellbore, and methane accumulated near the vertical wall.
As the variable moving speed of nozzle was applied, enough
jet time could be ensured near the vertical wall of wellbore,
which was beneficial to ensuring the uniformity of methane
distribution in wellbore.
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