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Abstract

Volcanic gas reservoir in Xushen gas field has complex microscopic pore throat structure and dense physical property, which is quite different
from that of conventional high-permeability sandstone gas reservoir. It is of great significance to know its seepage mechanism for scientific and
efficient development technology countermeasures. Through the parallel and series experiments of volcanic fracture cores and matrix cores, the gas
flow changes of fractures and matrix cores with different permeability levels under different pressure gradients were measured, and the percolation
mechanism of volcanic gas reservoirs with different pressure gradients was revealed when fractures and matrix cores were in parallel or series. The
experimental results show that the fracture is the dominant channel relative to the matrix, and the supply and exhaust capacity of the fracture is
much larger than that of the matrix, and the permeability of the matrix determines the supply and exhaust capacity of the series system composed

of fracture and matrix.
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Introduction

Carbonate gas reservoirs usually have strong heterogeneity.
Pores, caves and fractures are developed, buried deeply, reservoir
fluid physical properties and gas-water distribution are complex,
and water flooding is easy to occur in the process of development.!®
The volcanic gas reservoirs in Xushen Gas field are well developed
with large pores and fractures, middle pores and small pores.”'?
Therefore, the production process is characterized by "relay" gas
discharge and supply in stages. The initial flow process is that the

fluid flows to the wellbore from large holes and cracks. In the mid-
dle flow process, the mass exchange between the middle pore and
the large pore and the large fracture occurs, and the flow range
expands. The later flow process is fluid mass exchange between
small pore fractures and large-scale pore fractures, and the seepage
range is further expanded. Production performance of gas wells in
Xushen Gas Field also verifies this seepage feature. Many scholars
have done a lot of research on the seepage mechanism and charac-
teristics of sandstone and carbonate gas reservoirs.!*?? Germann?
studied the pore structure of tight carbonate reservoir by means
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of capillary pressure test, nuclear magnetic resonance method and
imbibition experiment. The study shows that there are a large num-
ber of karst pores in carbonate matrix. Taking Sulige gas field as the
research object, Zhu?* studied the gas percolation characteristics of
low permeability gas reservoir. Through natural core experiments,
the permeability and pressure conditions of slippage effect of nat-
ural gas percolation in reservoir were obtained. Benzagouta et al.?®
carried out percolation characteristics experiments under the con-
dition of 100C high temperature. The experimental core is a natural
carbonate core, and the carbonate rock has obvious stress sensi-
tive effect. Under different pressure and temperature environment,
the core permeability will be quite different. Wang?¢ established
two sets of carbonate rock models and simulated the single-phase
flow of gas in fractured and fractured-vuggy carbonate reservoirs
through physical simulation experiments of seepage characteris-
tics. Based on the steady percolation theory, Men?” deduced and
established the coupling dynamic prediction model of carbonate
fracture-cave gas reservoir and horizontal wellbore. Gao and Liu?®
carried out seepage law experiments and stress sensitivity experi-
ments, and obtained the seepage and stress sensitivity laws of three
types of carbonate rocks.

However, due to the lack of development of volcanic gas res-
ervoirs at home and abroad, there are few experiments to study
the seepage mechanism of volcanic gas reservoirs by matrix and
fracture. This kind of experiment has important exploration signifi-
cance to understand the percolation mechanism of volcanic gas res-
ervoir and is beneficial to guide the development of scientific and

efficient technical countermeasures for volcanic gas reservoir.
Experimental methods and procedure

In view of the volcanic rock gas reservoir multiple medium "re-
lay" exhaust gas supply mechanism, set up a using cores and the
matrix cracks in parallel, series combination experiment process
and devices, testing fracture and matrix core under different pres-
sure gradient and permeability level, under the condition of dif-
ferent fracture and matrix combination the change of gas flow, to
achieve the purpose of the research on volcanic rock gas reservoir
percolation mechanism system. It provides a theoretical basis for

the efficient development of volcanic gas reservoirs.
The experimental sample

In this experiment, a total of 12 volcanic rock cores were tak-
en from Xushen Gas field, including 5 fractured cores and 7 vol-
canic matrix cores. All cores are in the water porosity ra-ge of
3.361~17.14%; Gas permeability range is 0.004~0.87x10-3Hm?,

The experimental steps

The experimental temperature is constant temperature (20°C),
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the core confining pressure is 10MPa, the experimental gas is N,.
Gas at the inlet end of the core replaces the pressure0-4MPa. The
core outlet is at atmospheric pressure.

The experimental steps are as follows: Connect the instrument
and equipment according to the flow chart, adjust each instrument
and equipment to enter the experimental state; Put the experimen-
tal core into the core gripper, and use the confining pressure pump
to provide a stable confining pressure of 10MPa for the core in the
core gripper; Open the gas source and give a certain displacement
pressure, check the experimental process, to ensure that there is no
leakage after the experiment; Adjust the inlet pressure to the set
value, wait for a period of time, when the outlet end flow stability,
record the inlet end pressure and outlet end flow; Repeat the previ-

ous steps as required until the required test site is completed.
Results

Comparison of fracture and matrix power supply and ex-
haust capacity

The gas flow rates of fracture and matrix under different pres-
sure gradients were obtained by parallel experiments of fracture
and matrix cores. In the experiment, the gas flow rate of cracks and
matrix represents their supply and exhaust velocity and reflects
their supply and exhaust capacity. (K=1.705x10°m? K _=0.079x10-

’m?).

The experimental results show that for the matrix, the gas ve-
locity increases with the displacement pressure Figure 1, but the
increase is small. For fractures, the gas velocity increases with the
increase of displacement pressure, and the increase rate is large.
Under the same displacement pressure, the gas flow rate in the
fracture is much higher than that in the matrix. According to the
experimental mechanism, the low production of volcanic gas reser-
voir in Xushen Gas field can be improved by increasing production
pressure difference or fracturing to improve reservoir permeability.
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Figure 1: Relationship between gas flowrate and pressure between
fracture and matrix.
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Dominant channel study

When the matrix and fracture are connected in parallel, the re-
lationship between the percentage of matrix flow in the total flow
in parallel and the permeability of fracture (matrix) is used to re-
flect the dominant channel in the experiment of supply and exhaust
mechanism.

The experimental results show that under the same pressure
gradient, the matrix permeability remains unchanged, and the gas
flow rate of the matrix decreases linearly and exponentially when
the fracture permeability increases Figure 2.When the fracture per-
meability remains unchanged and the matrix permeability increas-
es, the matrix gas flow increases logarithmically but nonlinearly
Figure 3.The larger the permeability difference between fracture
and matrix, the smaller the proportion of gas flow through matrix
to the total flow in parallel, and the larger the proportion of gas flow
through fracture. It can be seen that when the matrix and fracture
are in parallel, the fracture is the dominant channel relative to the
matrix. The larger the difference of permeability between fracture
and matrix, the stronger the supply and exhaust capacity of fracture
relative to matrix
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Figure 2: Relationship between matrix flow percentage and fracture
permeability.
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Figure 3: Relationship between matrix flow percentage and matrix
permeability.
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Study on influence factors of supply and exhaust capac-
ity

Influence of permeability and displacement pressure:
When the fracture and matrix are connected in parallel, the frac-
ture (matrix) permeability is unchanged and the matrix (fracture)
permeability is changed. The influence of matrix (fracture) perme-
ability and displacement pressure on the supply and exhaust ca-
pacity of matrix (fracture) under different displacement pressures
is studied.

The experimental results show that the matrix and fracture
are in parallel, and the fracture permeability is unchanged. When
the matrix permeability is changed, the matrix supply and exhaust
velocity increases logarithmically with the increase of matrix per-
meability. The higher the displacement pressure of the matrix, the
higher the supply and exhaust velocity Figure 4. When the ma-
trix permeability is unchanged and only fracture permeability is
changed, the fracture supply and exhaust velocity increases linearly
with the increase of fracture permeability. The higher the displace-
ment pressure, the higher the supply and exhaust velocity Figure
5. It can be seen that the supply and exhaust capacity of fractures
and matrix is affected by their own permeability and displacement

pressure.
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Figure 4: Relationship between matrix gas flowrate and permeability
under different pressure.
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Figure 5: Relationship between fracture gas flowrate and permeabil-
ity under different pressure.
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Matrix and fracture length: The experimental comparison
and analysis of long fracture core in parallel with single matrix core,
single fracture core in parallel with single matrix core, and single
fracture core in parallel with long matrix core are carried out. The
experimental results show that the flow rate of long fracture and
single matrix parallel fracture is obviously smaller than that of sin-
gle fracture and single matrix parallel fracture. The flow rate of the
matrix in parallel with single fracture or long matrix is significant-

Table 1: Relationship between gas flow rate and fracture (matrix) length.
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ly smaller than that of the matrix in parallel with single fracture
or single matrix, that is, the supply and exhaust capacity of the
fracture (matrix) decreases with the increase of the length of the
fracture (matrix), especially the supply and exhaust capacity of the
matrix decreases sharply with the increase of its own length Table
1. It can be seen that the supply and exhaust capacity of cracks and
matrix is also affected by their length.

Fracture flowrate in
single matrix and long
fracture /(ml/min)

Pressure square gra-
dient / (MPa?/cm)

Fracture flowrate
single fracture and sin-
gle matrix /(ml/min)

Matrix flowrate in sin-
gle matrix and long
fracture /(ml/min)

Matrix flowrate in sin-
gle fracture and single
matrix /(ml/min)

in

0.088 27.906 43.4 1.43 0.268
0.308 86.103 124 3.72 0.691
0.622 154.601 216.7 6.49 1.225
1.041 237.338 327.8 9.89 1.895
1.6 340.82 461.8 14.21 2.757

The effect of pressure gradient: Under different pressure gra-
dients, the proportion of gas flow through the matrix to the total
flow is used to reflect the influence of pressure gradient on the sup-
ply and exhaust capacity of the system. The experimental results
show that: when the matrix is in parallel with the fracture, and the
matrix is unchanged but the fracture is changed, the proportion of
the matrix gas flow in the total flow in parallel tends to decrease
with the increase of the pressure gradient, and the variation range
is small Figure 6. When the permeability of matrix is unchanged,
the ratio of matrix gas flow to the total flow in parallel changes
slightly with the increase of pressure gradient Figure 7. However,
the ratio of matrix gas flow to the total flow varies with different
matrix permeability: When matrix permeability is small, the ratio
of matrix flow to total flow decreases with the increase of pressure
gradient. When matrix permeability is large, the ratio of matrix
flow to total flow decreases first, then increases and even gradually
increases with the increase of pressure gradient. It can be seen that
when matrix and fracture are in parallel, the ratio between matrix
and fracture supply and exhaust capacity is basically not affected
by the pressure gradient, but when matrix permeability increases
to a certain extent, the matrix supply and exhaust capacity will be

significantly enhanced with the increase of pressure gradient.
Analysis

Effect of gas flow sequence on gas supply and exhaust
velocity

Through the different gas flow sequence between fractured core
and matrix core, the influence of fracture and matrix composition
series system on gas supply and exhaust capacity was studied (Fig-

ure 8). The experimental results show that when the pressure gra-

dient is constant, the air supply and exhaust velocity of crack and
matrix has little influence, and the air supply and exhaust velocity
of crack is slightly higher than that of matrix. With the increase of
pressure gradient, the supply and exhaust velocities increase lin-
early in modes.
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Figure 6: Relationship between different percentage of matrix flow
and pressure square gradient in fractures.
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Figure 7: Relationship between different percentage of matrix flow
and pressure square gradient in matrix.
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Figure 8: The relationship between gas flowrate and pressure gradi-
ent when the position of fracture and matrix is different.

Study on the supply and exhaust law of crack as gas
source and matrix as exhaust channel

The same fracture matrix is different: When the gas supply
and exhaust system is composed of cracks and matrix in series, the
cracks are used as the gas supply source, and matrix with different
permeability is used as the exhaust channel. The influence of matrix
permeability on series system under different displacement pres-
sures is analyzed, and the increase of gas flow rate in series system
is compared with that of matrix permeability. The experimental
results show that under certain displacement pressure, the supply
and exhaust velocity of the series system increases logarithmically
with the increase of matrix permeability. Under the same matrix
permeability condition, the higher displacement pressure, the high-
er the supply and exhaust velocity of the series system Figure 9.
With the increase of matrix permeability multiple as exhaust chan-
nel, the supply and exhaust velocity of the whole series system in-
creases logarithmically. The increase of supply and exhaust velocity
multiple in series system is greater than that of matrix permeability
multiple Figure 10.
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Figure 9: Relationship between gas flowrate and matrix permeability
under different pressure.

Same matrix, different cracks: When the supply and exhaust
system is composed of cracks and matrix in series, matrix is used as
exhaust channel, and cracks with different permeability are used as
gas supply source. The influence of fracture permeability on the se-
ries system under different displacement pressures was analyzed,
and the increase of gas flow rate in the series system was compared
with that of fracture permeability, as shown in Figures 11 and 12.
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Figure 10: Relationship between gas flow growth multiple and matrix
permeability growth multiple.
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Figure 11: Relationship between gas flowrate and fracture permea-
bility under different pressure.
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Figure 12: Relationship between gas flow growth multiple and frac-
ture permeability growth multiple.

The experimental results show that under certain displacement
pressure, the supply and exhaust velocity of series system increases
logarithmically with the increase of fracture permeability, but the
increase rate is small. Under the same fracture permeability con-
dition, the higher the displacement pressure, the higher the sup-
ply and exhaust velocity. With the increase of fracture permeability
multiple as gas source, the supply and exhaust velocity of the whole
series system increases logarithmically. However, the increase of
supply and exhaust velocity in series system is far less than that
of fracture permeability, which indicates that matrix permeability
determines the supply and exhaust velocity in the whole supply and

exhaust system.
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The matrix is the gas source, and the crack is the supply
and exhaust law of the exhaust channel

Cracks are different from the same matrix: When the crack
and the matrix are connected in series to form the supply and ex-
haust system, the crack is used as the exhaust channel, and the ma-
trix with different permeability is used as the gas supply source.
The effect of matrix permeability on the tandem system under
different displacement pressure conditions was analyzed, and the
increase in gas flow rate in the tandem system was compared with
the increase in matrix permeability. The experimental results show
that under certain displacement pressure conditions, when the ma-
trix is the gas source and the crack is used as the exhaust channel,
the speed of supply and exhaust of the tandem system increases
logarithmically with the increase of the matrix permeability, and
the greater the displacement pressure under the same matrix per-
meability conditions, the greater the speed of supply and exhaust
of the tandem system Figure 13. With the increase of the matrix
permeability multiple as the gas source, the speed of supply and
exhaust of the entire tandem system increases logarithmically, and
the increase in the supply and exhaust velocity of the tandem sys-
tem is greater than the increase in the permeability of the matrix

Figure 14.
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Figure 13: Relationship between gas flowrate and matrix permeabil-
ity under different pressure.
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Figure 14: Relationship between gas flow growth multiple and matrix
permeability growth multiple.

The matrix is different from the same crack: When the crack
and the matrix are connected in series to form the supply and ex-
haust system, the matrix is used as the gas supply source, and the

Volume 3 - Issue 2

cracks with different permeability are used as the exhaust channel.
The influence of crack permeability on the tandem system under
different displacement pressure conditions was analyzed, and the
increase in gas flow in the tandem system was compared with the
increase in crack permeability. The experimental results show that
under certain displacement pressure conditions, the supply and ex-
haust velocity of the series system increases logarithmically with
the increase of fracture permeability as the exhaust channel. With
the same fracture permeability, the higher the displacement pres-
sure, the higher the supply and exhaust velocity Figure 15. With the
increase of the permeability multiple of the fracture as the exhaust
channel, the overall supply and exhaust velocity increases logarith-
mically. However, the increase of supply and exhaust velocity is less
than that of fracture permeability Figure 16, which further indi-
cates that matrix permeability determines the supply and exhaust

velocity in the whole supply and exhaust system.
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Figure 15: Relationship between gas flowrate and fracture permea-
bility under different pressure.
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Figure 16: Relationship between gas flow growth multiple and frac-
ture permeability growth multiple.

Effect of matrix (crack) length on the supply and exhaust
capacity of tandem systems

Two matrices (cracks) with the same permeability are used in
tandem to form a long matrix (crack), and then connected with the
cracks (matrix) to form a tandem system. The gas flow of different
combination tandem systems was observed as a function of dis-
placement pressure, so as to study the influence of matrix (crack)
length on the supply and exhaust capacity of tandem system. Two
series methods of crack as air source and matrix as gas source are
designed, and the supply and exhaust capacity of the tandem sys-

Trends in Petroleum Engineering | Trends Petro Eng
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tem is compared to increase the length of the crack, increase the
length of the matrix and neither increase. The experimental results
show that under the same displacement pressure, the gas flow
of the two fractures and a matrix composed of a series system is
slightly less than that of a crack and a matrix composed of a series
system, and the gas flow of the two matrices and a fracture compos-
ing a series system is significantly smaller than that of a crack and
a matrix composing a series system, and the gap is more and more
obvious with the increase of the displacement pressure Figures 17
and 18. It can be seen from this that whether the fracture is the air
source or the matrix is the gas source of the tandem system, with
the increase of the length of the crack and the matrix, the supply
and exhaust capacity of the tandem system will weaken to varying
degrees; the increase of the length of the crack has less impact on
the supply and exhaust capacity of the tandem system, and the in-
crease of the matrix length has a significant impact on the supply

and exhaust capacity of the tandem system.
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Figure 17: Relationship between gas flowrate and displacement
pressure, anterior matrix, posterior fracture.
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Figure 18: Relationship between gas flowrate and displacement
pressure, anterior fracture, posterior matrix.

Study of the supply and exhaust time of the tandem sys-
tem

With the same set of cracks and matrices, the matrix as the gas
supply source, the crack as the exhaust channel and the crack as the
gas supply source, the matrix as the exhaust channel, the displace-
ment time required to achieve the same flow under the same dis-
placement pressure conditions, and the matrix (crack) unchanged,

Volume 3 - Issue 2

the fracture (matrix) is changed permeability to study the effect of
crack (matrix) permeability on the supply and exhaust time.

The experimental results show that to achieve the same supply
and exhaust velocity, the replacement time required for the frac-
ture for the gas source is smaller than that of the gas supply and
exhaust system with the substrate as the gas source, and the larger
the supply and exhaust speed required, the more obvious the gap
is, and there is a good exponential relationship between the dis-
placement time and the gas flow rate Figure 19 When the matrix
and the fracture are connected in series, and the permeability of
the matrix is changed unchanged, the tandem system reaches the
same supply and exhaust velocity, and the required displacement
time decreases logarithmically with the increase of the matrix per-
meability Figure 20. When the matrix and the crack are connected
in series, the matrix does not change the permeability of the crack,
the same supply and exhaust velocity is achieved, and when the
fracture permeability is less than 0.2x10-3m2y, the required dis-
placement time decreases sharply with the increase of the permea-
bility; when the fracture permeability is greater than 0.2 When the
x 10-3m2y, the required displacement time is basically unchanged
with the increase of the permeability, indicating that when the frac-
ture permeability reaches a certain level, the supply and exhaust
velocity of the entire tandem system depends on the permeability

of the matrix Figure 21.
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meability.
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Figure 21: Relationship between displacement time and fracture
permeability.

Conclusion

1. It can be seen from the parallel experiments of volcanic
rock matrix and fracture core in Xushen gas field that the crack is
the dominant channel relative to the matrix, and the gas supply and
exhaust capacity of the fracture is much greater than the supply and
exhaust capacity of the matrix; increasing the pressure gradient or
permeability can improve the supply and exhaust capacity of the
fracture and the matrix; the smaller the difference between the ma-
trix and the fracture, the stronger the supply and exhaust capacity
of the matrix relative to the entire system; in the development and
production process of the volcanic rock gas reservoir, try to achieve
perforation in the stratum section of the fracture development and
increase the production pressure difference At the same time, it is
also necessary to take into account the difference in the permeabil-

ity level between the crack and the matrix.

2. It can be seen from the tandem experiments of volcanic
rock matrix and fracture core in Xushen gas field that the sequence
of gas flow through the matrix and the fracture has little impact on
the supply and exhaust capacity of the entire system; the permea-
bility of the matrix determines the supply and exhaust capacity of
the series system composed of the crack and the matrix, and the
increased permeability of the matrix has a very obvious effect on
the increase of the supply and exhaust capacity of the entire system.

3. For volcanic rock reservoirs where the bedrock reserves
of Xushen gas field occupy the main position, drilling wells in the
position of good matrix properties on the plane, perforation of the
fracture developing layer section in the longitudinal direction or
fracturing modification, and transformation of the seepage capacity
of the matrix in the development process are all effective means for

efficient development of volcanic rock gas reservoirs.
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