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Abstract. At present, many coalbed methane wells expose the problem of large
water production and low depressurization efficiency which seriously affects gas
production. External water supply affects adequate depressurization of coal reser-
voirs, impeding the desorption and output of coalbed methane and significantly
reduces the gas production of coalbed methane wells. In order to evaluate the
external water recharge, this paper introduces the concept of conventional oil-gas
water invasion and establishes a water invasion intensity calculation model for
coalbed methane wells based on the calculation of average formation pressure and
the principle of material balance using dewatering data. The model quantitatively
evaluates the water invasion intensity of coalbed methane well and is verified by
the water head elevation and gas production rate, which is also consistent with the
development of faults and aquifer. Corresponding technical measures are taken to
avoid the impact of water invasion, including selecting retention and weak water
invasion area for productivity construction, using area depressurization well pat-
tern and fracturing the intervals free from water invasion. After field application,
the production of low-rank and low-gas-content coalbed methane wells has made
a breakthrough. The establishment of this model provides a basis for the produc-
tivity construction, well pattern design and fracturing layer selection of coalbed
methane wells and has a good application prospect and promotion significance.

Keywords: Material balance equation - Water invasion intensity - Drainage and
depressurization

1 Introduction

Coalbed methane production achieves “desorption-diffusion-seepage” through
“drainage and pressure drop”. If there is external water recharge, the water produc-
tion of coalbed methane wells is large and the depressurization efficiency is low, which
seriously affects the production of coalbed methane wells.

At present, there are only water invasion evaluation methods for conventional gas
wells and qualitative identification methods for leakage recharge of coalbed methane
wells through production curves [1-7]. There is a lack of analysis of the influence
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mechanism of external water on coalbed methane wells and no quantitative evaluation
method has been developed for evaluation. In order to solve these problems, this paper
establishes a model for calculating the water invasion intensity of coalbed methane wells
by introducing the concept of conventional oil-gas water invasion and quantitatively
evaluates the water invasion intensity of coalbed methane wells.

2 Influence of Water Invasion in Coalbed Methane Wells

The recharge of external water has seriously affected the production of coalbed methane
wells [8—11]. Analyzed from the aspect of reservoir depressurization, after the coalbed
methane well is put into production, a pressure drop funnel is formed near the bottom
of the well. The rocks and fluids within the range of the pressure drop funnel constantly
release elastic energy, so that the fluid continuously flows into the bottom of the well [ 12—
15]. If there is no external water recharge after the pressure reaches the flow boundary, due
to the low permeability of the coal reservoir, it can be regarded as a closed boundary.
With the boundary pressure and bottomhole pressure dropping at the same time, the
reservoir pressure is fully depressurized and the pressure drop funnel deepens [16—18]
(Fig. 1a). If the hydrodynamic condition is strong, the coalbed methane well is recharged
by external water with a boundary of certain supply capacity. Thus it is difficult to
achieve full depressurization of the reservoir, affecting gas desorption and production
and significantly reducing the gas production of coalbed methane well (see Fig. 1b).
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Fig. 1. Coal reservoir pressure drop funnel of effective drainage and external water recharge

3 Water Invasion Intensity Modeling

The model is built on the basis of material balance equation using dewatering data. Since
the shut-in pressure measurement of coalbed methane wells affects the continuity of
drainage and production, the average formation pressure cannot be obtained directly. The
pressure distribution of fractured wells is calculated through the derivation of equation
and the average formation pressure is converted into the expression of bottomhole flow
pressure, which enables the material balance equation to be solved and the water invasion
index is obtained.
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3.1 Calculation of Formation Pressure Distribution in Fractured Wells

An equation is established to equate the composite radial model of fractured wells to a
homogeneous model (see Fig. 2).
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Fig. 2. Diagram of fractured coalbed methane well

Seepage equation within natural seepage zone is given below:
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Seepage equation in fractured area can be expressed as:
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Adding two equations together yields:
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3.2 Calculation of average formation pressure

For fractured coalbed methane wells, the pressure reaches the flow boundary after a
period of time. Since the original permeability of the coal seam is very low, the flow
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beyond the natural seepage zone can be regarded as a closed boundary. Thus the flow
after transmission to the boundary can be regarded as a pseudo-stable flow.
The average formation pressure is calculated by the area-weighted method:

[ pdA B frrép - 2w rdr

p= > (©6)
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The expression of average formation pressure can be obtained after integration:
qwiwBy . 0.472r,
= 111 7
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Substituting the equivalent wellbore radius, we get:
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where, p, is the boundary pressure, Pa; p; is the boundary pressure of transformation
area, Pa; p,,r is the bottom-hole pressure, Pa; k; is the permeability in the reformed area,
m?; ky is the permeability in natural seepage zone, m?; r, 1s the control radius, m; ry is

the radius of fractured area, m; r,, is the wellbore radius, m.

3.3 Establishment of Single-Phase Flow Material Balance Equation

According to the single-phase flow material balance equation, the cumulative water
production at the drainage stage is equal to the sum of fluid volume changes in the
reservoir [19-21].

WpBw = CzV(Pi _]3) + W (9)

Substituting the average formation pressure expression (7), Eq. (10) can be changed
to be:
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3.4 Calculation of water invasion intensity

It can be seen from Eq. (10) that when the production remains stable, the fourth term on
the right side of the equation is a constant, and if there is no water invasion, W, has a
linear relationship with p,,¢.

Pwr =mW, +b (11)
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where, m is the slope of the straight line segment of the p,,r-W),, correlation curve and b
is the intercept of the straight line segment.

- 12
m cv (12)
B 1
b=pi— q;“: 2 n e T3 (13)
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From the derivation of the above equation, it can be seen that the relationship between
pwr and W), of wells without water invasion is a straight line. The stronger the water
invasion, the more the p,,r- W), curve deviates from the straight line. The water invasion
intensity is evaluated by the water invasion index when the flow pressure at the bottom
of the well is reduced by 0.5MPa.

As shown in Fig. 3, the bottom-hole pressure drop by 0.5MPa is recorded as py,r;
and its corresponding actual cumulative water production W) is read. Assuming that
no water invasion has occurred, p,; can be substituted into Eq. (11) to calculate its
pure elastic drive water production W/, . Then the water influx is W, 1-W[; | and the water
invasion index can be calculated by Eq. (14).

Wp1 — W/,

Wi

WEDI = (14)
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+ >
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Fig. 3. Schematic diagram of water invasion index calculation

4 Case Analysis and Result Validation

The production curve of well X13 is shown in Fig. 4. According to the production
data of the drainage stage, the scatter diagram of the bottom-hole flowing pressure and
cumulative water production is drawn (see Fig. 5). According to Eq. (11), pure elastic
drive water production is calculated: WIQI = (4.08 — 3.55)/0.003257 = 161.0m>. The

actual cumulative water rate Wy is 241.3 m?> and the water invasion index with the
pressure reduction of 0.5MPa is calculated using Eq. (14): WEDI = W =
33.3%. The well is close to the recharge area with a high water head elevation and active

hydrodynamic.
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Fig. 4. Production curve of Well X13
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Fig. 5. p,s -Wp scatter diagram and fitted straight line of Well X13.

The production curve of well X11 is shown in Fig. 6. According to the production
data of the drainage stage, the scatter diagram of the bottom-hole flowing pressure and
cumulative water production is drawn (see Fig. 7). The scatter diagram shows a straight
line trend in the drainage stage of the well, meaning no water invasion occurs.

The drainage curve of well X1-3 is shown in Fig. 8. According to the production
data in the drainage stage, the scatter diagram of the bottom-hole flowing pressure and
cumulative water production is drawn (see Fig. 9). According to Eq. (11), pure elastic
drive water production is calculated: ngl = (4.36 — 3.75)/0.001071 = 572.7m3. The
actual cumulative water rate Wy is 241.3 m3 and the water invasion index with the
pressure reduction of 0.5MPa is calculated: WEDI = W = 25.3%. According
to the analysis of geological conditions, a set of aquifers developed in the upper part of

the coal seam supply water to it (see Fig. 10), which is consistent with the result of a
high water invasion index.
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Fig.7. p,; -Wp scatter diagram and fitted straight line of Well X11.
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Fig. 9. p,,r -Wp scatter diagram and fitted straight line of Well X1-3.
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Analysis and verification are conducted according to hydrodynamic conditions. The
hydrogeological environment is generally divided into three parts: recharge area, dis-
charge area and runoff area. The runoff area can be further divided into strong runoff
area, weak runoff area and retention area (see Fig. 11). The strong runoff area has strong
hydrodynamic conditions, high head elevation, strong water invasion and poor gas pro-
duction capacity. It can be seen from Fig. 12 and Fig. 13 that water invasion index is
positively correlated with water head elevation and negatively correlated with gas pro-
duction per unit pressure drop in SL Coalbed Methane Field, which verifies the model
calculation results are reliable.



Fig. 13.

Research on Water Invasion Intensity of Coalbed Methane Wells

Ground Head elevation of wells

Coal Seam ~o~G I

Strong runoff area Weak runoff area Retention area

Fig. 11. Hydrodynamic conditions zoning map

Water head elevation-Water invasion index

60

S50 ¢ « ® L

b y=2.4645x-24175 o . °

o 40 F

= R?=0.7128 .. L

230 e .

2 o

7] e [ )

S20 F e .

=

5 10 | ®

&

2 s . . )
985 990 995 1000 1005

Head elevation (m)

Fig. 12. Relation between water head elevation and water invasion index.

Water invasion index-Gas production per unit

1400 ¢ pressure drop
= 1200 |
= e... o,
5 000 0 Teell®
s | e o Ttteel,
285500 | ¢ T ¢
5% § 600 * .0
E % ’ y=-14244x+12853 @ ©
8 52400 F R?=0.7037
a & L
= 200
<
(D O 1 1 1 1 1 J
0 10 20 30 40 50 60

Water invasion index (%)

25

Relationship between water invasion index and gas production per unit pressure drop



26 Y. Gao et al.

S Model Application

Through the calculation of water invasion intensity model, the water invasion index
distribution of wells in SL. Coalbed Methane Field is obtained and the distribution map
of water invasion index is drawn (see Fig. 14). From the distribution map, SL Coalbed
Methane Field is divided into retention area, water invasion area of the same layer
and water invasion area of the surrounding aquifer. There is no water invasion in the
retention area, because the area is surrounded by faults and water cannot be supplied
by the shelter from faults. Water invasion area of the same layer is the runoff area of
strong hydrodynamic, where water from the same coal seam invades in the range of well
controlled reserves. In the water invasion area of the surrounding rock aquifer, a set of
sandstone aquifer develops at the top of coal seam and water invasion occurs under the
influence of surrounding rock.

To avoid the influence of water invasion, wells should be distributed in the retention
area and weak water invasion area during productivity construction, and the weak water
invasion area should be explored with area-depression well pattern, which is conducive
to coordinated depression between wells [22-24]. At the same time, through the well
analysis of water invasion from the surrounding aquifer, there is no water invasion when
the fracturing section is more than 30 m away from the bottom of the aquifer. Therefore,
the fracturing perforation section should be more than 30 m away from the bottom of
the aquifer when the fracturing design is carried out.

Fig. 14. Distribution of water invasion index

A vertical well JM4 and a horizontal well JP1 were deployed in the retention area. The
gas production of JM4 exceeded 2400 m?3/d, and that of JP1 exceeded 3200 m3/d in the
current production promotion stage (see Fig. 15 and Fig. 16), achieving a breakthrough
in the production of low-rank and low-gas-content coalbed methane wells.
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Fig. 16. Production curve of Well JP1

6 Conclusions

(1) External water recharge has serious harm to the drainage and depressurization of
coalbed methane wells. Based on the principle of material balance, this paper estab-
lishes a model for calculating the water invasion intensity of coalbed methane wells
and quantitatively evaluates the water supply of coalbed methane wells.

(2) The model is verified by the head elevation and the gas production capacity of wells
in SL Coalbed Methane Field. The results show that the model is accurate and reliable
in predicting water invasion intensity. Combined with geological understanding, the
results are also consistent with the development of faults and aquifers.

(3) Through the study of water invasion intensity in SL Coalbed Methane Field, cor-
responding technical measures are taken to avoid the influence of water invasion.
According to the zone selection method of the model, at the low gas content of 3
m?/t, the gas production of a vertical well in the retention area has exceeded 2,400
m?3/d and that of a horizontal well has reached 3200 m?/d in the production pro-
motion stage, achieving a breakthrough in the gas production of low-rank coalbed
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methane wells. The establishment of the model provides a basis for the zone selec-
tion of productivity construction, well pattern design and fracturing layer selection
of coalbed methane wells.
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