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Targeting the problem of a small amount of fluid accumulation in deep coal seam
gas (CSG) wells during flowing production stage, the evaporation drainage
method is proposed to discharge the liquid accumulation. Based on the
Dalton evaporation model and wind speed function, a calculation model of
evaporation drainage was established for deep CSG wells, which was verified
by laboratory experiments. Taking a CSG well in the western Ordos Basin as an
example to analyze the evaporation drainage capacity, the influence of
temperature, daily gas production, bottomhole flowing pressure (BHFP),
formation gas water saturation on the evaporation drainage capacity was
investigated. The results show that the maximum evaporation water
production is 2,533.8 kg/d at a bottomhole temperature of 80°C and a gas
production rate of 30 × 103 m3/d. It is found that the temperature and
pressure have a marked influence on the evaporation drainage. By improving
the gas production and bottomhole temperature, and reducing the BHFP can
effectively promote the evaporation drainage capacity. The initial moisture
content of CSG in the reservoir are inversely proportional to the evaporation
drainage capacity. By adjusting the BHFP and daily gas production, the
evaporation drainage capacity can match the liquid production rate of the
formation. Evaporation drainage can effectively extend the flowing production
time of deep CSG wells and reduce the costs of production.
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1 Introduction

As unconventional natural gas, coal seam gas (CSG) has a great market prospect for
development. CSG also plays an important role in developing clean energy (Scott et al.,
2007; Qin et al., 2019; Zou et al., 2019; Wu et al., 2022). In recent years, China’s CSG has
been developing rapidly, such as Qinshui Basin, Ordos Basin, eastern Yunnan and western
Guizhou, etc. Some blocks have been commercialized (Meng et al., 2018; Geng et al., 2022;
Wang et al., 2022; Zhu et al., 2023).

Unlike conventional natural gas, gas and water enter the wellbore almost at the same time at
the beginning of production in CSG wells (Jiang et al., 2016; Chen et al., 2023). For CSG wells
with high gas production and lowwater production, once the water cannot be discharged timely
from the wellbore, water will accumulate at the bottom of the gas well. The liquid loading will
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seriously reduce the gas production rate and total gas production
(Wang and Qin, 2019). To address this problem, some methods
have been applied, such as intermittent production, foam drainage,
gas lift, and artificial lift (Jin et al., 2004; Le et al., 2012; Wang et al.,
2022). However, owing to the discontinuity of water production, the
mechanical equipment for drainage cannot operate efficiently, which
leads to the failure. Moreover, a large amount of production data should
be analyzed before drainage operation (intermittent production, foam
drainage, and gas lift), which increases the on-site adjustment frequency
and cost (Qi et al., 2018). It is urgent to develop a new flowing
production method that can better meet the requirement for gas
and water production in CSG wells, especially for two-layer
coproduction. The water carrying capacity of the CSG well is
improved, and the flowing production time of CSG wells is
effectively prolonged. Through exploration, it is found that the CSG
reservoir is mainly distributed in the formation with a depth
1,000–2,000 m (Zhang B. et al., 2016; Gao et al., 2019). These CSG
wells have many characteristics including high crustal stress, high
temperature, high pressure, and low permeability (Qin et al., 2012;
Zhu, 2020). Under the condition of high temperature, the evaporation
rate of accumulated liquid at the bottomhole will be greatly increased
(Gao et al., 2022; Zhao et al., 2023). Thus, discharging fluids loading by
evaporation at the bottomhole is possible for CSG wells.

Research on evaporation began in 1802. The evaporationmodel was
established through experiments. The evaporation speed of water in this
model is directly proportional to the pressure difference of water vapor
and the wind speed on the water surface, while inversely proportional to
the air pressure on the water surface (Dalton, 1802). In 1882, A wind
speed function expression was established based on the Dalton model
(Stelling, 1882). Two water surface evaporation models were established
respectively by energy balance method (Schmidt, 1915; Bowen, 1926).
The Bowen ratio energy balance model solved the problem of sensible
heat flux value, so it has a stronger application value. A evaporation
model for reservoirs was established in 1943 (Horton, 1943). The
Penman model was established by considering the effects of energy
balance and gas flow, and themodel has beenwidely verified and applied
(Penman, 1948). The Penman model was simplified with the
Priestley-Taylor coefficient (Priestley and Taylor, 1972; Cui
and Liu, 2023). The R-H model was established based on the
superposition relationship between free convection and forced
convection, which is widely used (Ryan et al., 1974). The
influences of air temperature, water surface wind speed, water
temperature, and the temperature difference on the evaporation
rate were analyzed through a wind tunnel test, and established a
model of water surface evaporation speed (Chen et al., 1989).
Based on the conservation of mass, combined with the
hydrological station and laboratory data in typical areas of
China since 1976, a model for lake water surface evaporation
was established (Pu, 1994). In 2000, a evaporation calculation
model was established by considering the three factors of water
vapor, pressure difference, wind speed, and relative humidity (Li,
2000). In 2005, a piecewise function expression of wind speed
function was established based on the Dalton model, which
further reduced the error of surface evaporation prediction
(Min, 2005). At present, the research on the evaporation
model mainly focuses on the evaporation of conditions with
normal temperature and pressure or reduced pressure (Wang
et al., 2019; Liu et al., 2023). The pressure of CSG in the wellbore

is high. The gas in the wellbore consists of methane and other
hydrocarbons (Hou et al., 2023). Therefore, it is necessary to
carry out theoretical research on the evaporation of the liquid
drainage of CSG wells.

The contributions of this paper are as follows. 1) An evaporation
drainage method that can be used for CSG wells was presented. Based
on the Dalton evaporation model, the model gives an evaporation
calculationmethod considering the characteristics of the gas production
process (especially CSG wells). Through evaporation drainage, the time
of flowing production for CSGwells can be effectively prolonged. 2) The
influences of different factors (temperature, daily gas production, BHFP
and moisture of gas.) on the evaporation drainage of liquid loading in
CSG wells are analyzed, and measures to enhance the evaporation
drainage of CSG wells are presented, such as raising the temperature of
liquid loading at the bottomhole, circulating the injection of dry gas, and
properly decreasing the BHFP.

The rest of the paper consists of the following parts: Section 2,
The wellbore structure of CSG well and analysis of evaporation
liquid carrying production feasibility. Second an evaporation
drainage model combined with high-pressure conditions is
presented. In section 3, the device, procedures and results for
validation experiments are presented. The results and analysis are
in Section 4. Finally, the conclusions are drawn in Section 5.

2 Theoretical analysis

2.1 Drainage of CSG well

There are two production modes in CSG production: single-layer
production and multi-layer production (generally two layers). The
flowing production structure of CSG wells for single-layer production
and artificial lift drainage is shown in Figure 1. For the two-layer
coproduction wells, the well structure and device are shown in Figure 2.

As shown in Figure 1, the depth of the liquid level in the annulus
between the tubing and the casing varies due to different gas and
water production flow rates. For CSG wells with a liquid level lower
than the production layer (Figures 1C, D), after entering the
wellbore, gas flows from the reservoir upward to the ground. The
liquid surface in the wellbore will continuously produce water vapor,
which will be discharged out of the wellbore by flowing gas.
Therefore, the CSG well with low liquid level production still has
a certain water drainage capacity. As shown in Figures 1A, C, after
entering into the wellbore, the gas passes through the liquid part.
This results in the gas having a large contact area and enough time to
contact with water (including water vapor) in the flow path. Thus,
water vapor is equally discharged with gas flow. During the gas flow,
its pressure continuously decreases. The gas continues to absorb the
water vapor generated by the accumulated liquid in the annulus, so it
has a certain water drainage capacity. Compared with single-layer,
the CSG coproduction well of two-layer coproduction has a higher
gas production, and the coproduction well has the capacity of
flowing production in the early stage. Therefore, coproduction
wells are produced by tubing, as shown in Figure 2.

For CSG wells with two layers of coproduction, the gas output of
the coproduction well meets the production conditions of gas-
carrying liquid (i.e., the water is discharged from the wellbore by
gas flow), as shown in Figure 2B. However, with continuous
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production, the formation energy will gradually attenuate and the
water production will increase gradually. At some time, when the
fluid cannot be completely removed by the gas flow, the fluid would
load up at the bottom of the wellbore. This results in the
accumulation of fluid at the bottom of the wellbore, as shown in

Figure 2A. The gas produced by the two layers enters the tubing
from the annulus and passes through the liquid accumulation to the
ground. The water vapor discharged by the evaporation of well fluid
will be produced together with the gas, as Figure 1A. Therefore, the
CSG well has an evaporation drainage capacity.

FIGURE 1
Downhole structures of single-layer production CSGwells (A)Gas wells flowing in tubing with liquid loading; (B)Gas wells flowing in tubing without
liquid loading; (C)Gas wells drainage using a pumpwith liquid level in the upper part of the reservoir; (D)Gas wells drainage using a pumpwith liquid level
in the lower part of the reservoir.

FIGURE 2
Structure of CSG coproduction wells. (A) Gas wells flowing in tubing with liquid loading; (B) Gas wells flowing in tubing without liquid loading.
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2.2 Moisture content model

In the moisture content calculation, the following assumptions
are made. 1) The temperature of gas and liquid is the same
throughout the process. 2) When the gas flows through the fluid
accumulation in the wellbore, the gas flow rate is equal at any
section. 3) Tubing and casing are concentric. 4) In the well-depth
direction, the sectional dimensions of tubing and casing remain
unchanged. 5) The gas from the reservoir is only methane.

In the production of CSG well, the well fluid produced by the
reservoir is a mixture composed of water, inorganic salt, etc. Due
to the different content of inorganic salt in the well fluid and the
small impact of inorganic salt on the evaporation of water in the
well fluid (Al-Shammiri, 2002). When conducting the moisture
content calculation of gas, the well fluid is taken as pure water.

The moisture content of CSG can be obtained from Eq. 1
(Xue, 2006):

d � Rgpv

Rv p − pv( ) � 519.7 × pv

461.9 × p − pv( ) ≈ 1.125
Pv

P − Pv( ) (1)

The Pv at different temperatures conforms to the Clausius
Crabron Equation (Zhang J. et al., 2016) as follows:

dPv

dt
� ΔHm × 10−6

T Vm2 − Vm1( ) (2)

Owing to the simultaneous presence of gas and water in the CSG
reservoir, it is assumed that the relative humidity of the gas in the
reservoir is 100%. Based on the data of the temperature gradient in
the well logging formation, the PV at the temperature of the reservoir
can be obtained by Eq. 2. The moisture content of the CSG d1 in the
reservoir can be obtained by Eq. 3.

d1 � 1.125
Pv

Pe − Pv( ) (3)

The relationship between moisture content in methane and
temperature or pressure is shown in Figure 3, under conditions of
temperature ranging from 20°C to 80°C and pressure ranging from
0.1 to 20.0 MPa.

FIGURE 3
Saturated moisture content of CSG under different temperatures (A) and pressures (B).

TABLE 1 Different models for water surface evapotranspiration calculation.

Model Formula Time-scale

Dalton E � f(u)(es − ea) per month

Stelling E � (a + bu)(es − ea) per month

Li Wanyi E � (0.1 + 0.24(1 − U2)0.5)(es − ea)u 0.85u
u+2 per day

Penman LE � s
s+γ (Rn − ΔQ) + γ

s+γf(u)(es − ea) per day

Bowen LE � Rn−ΔQ
1+β per day

energy conservation model LE � Rn −H − ΔQ per day

Ryan-H LE � [2.7(Ts − Ta)1/3 + 3.1u](es − ea) per day

Pu Peimin E � (0.027 + 0.0156u + 0.0025|Ts−Ta |
1+a04(Ts−Ta )2)

0.5(es − ea) per day

Chen Huiquan E � (0.277 + 0.0156u2 + 0.025(Ts − Ta))0.5(es − ea) per day
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As shown in Figure 3, the water vapor content of CSG is influenced
by temperature and pressure. At the same temperature, the moisture
content in CSG decreases with increasing pressure. When the pressure
increases from 0.1 to 1.0 MPa, the moisture content in CSG drops
rapidly, as shown in Figure 3A. At 20°C and 0.1 MPa, the moisture
content in CSG is 26.94 g/kg, while at 1.0 MPa, the moisture content in
CSG is 2.637 g/kg, with a drop of 90.22%. Themoisture content in CSG
was 1.317 g/kg at 2.0 MPa and decreased by 50.05% compared to
1.0 MPa. Under the same pressure condition, with the increase of
temperature, the moisture content in CSG increases linearly in the
logarithmic coordinate system.

2.3 Water vapor saturation of CSG

As the saturated CSG produced from the reservoir enters the
wellbore annulus, the gas pressure decreases, and the gas changes
into an unsaturated state due to the increase of saturated moisture
content. At this point, the gas will continue to absorb the water vapor
generated by the liquid accumulated in the annulus. However, the
relationship between the gas flow rate and the rate of water
evaporation from the well fluid shall be considered to determine
whether the CSG can reach the saturated humidity under the
bottomhole condition.

In the above evaporation calculation model, except the Dalton
model, other models involve the influence of water and gas
temperature difference, net surface radiation as shown in Table 1
and other factors on evaporation. In the wellbore, the water and gas
temperature are basically the same, and there is no input of external
heat such as sunshine. Dalton model was chosen to calculate the
evaporation of the bottomhole accumulation, in which the wind
speed function expression is chosen from the Min Q. model
(Min, 2005).

The temperature difference between the bottomhole and the
reservoir is ignored. The downhole temperature is calculated

according to the well depth and the ground temperature
gradient. Therefore, the saturated vapor pressure of the gas at the
bottomhole remains unchanged, and the saturated moisture content
of the gas is only affected by the change in the pressure. The BHFP
can be obtained by Eq. 4 (Jin et al., 2004):

Pwf �
������������������������������������
P2
he

2S + 1.324 × 10−18f qg �T �Z( )2 e2S − 1( )/D5

√
(4)

The variables S and f can be obtained by Eq. 5

S � 0.03145γgh
�T �Z

, f � 1.14 − 2 lg
e1
D
+ 21.25

Re0.9
( )[ ]−2 (5)

Associating Eqs 3, 4 to obtain the moisture content of
bottomhole gas as expressed in Eq. 6:

d2 � 1.125Pvwf������������������������������������
P2
he

2S + 1.324 × 10−18f qg �T�Z( )2 e2S − 1( )/D5
√

− Pvwf( ) (6)

By comparing d1 and d2, the water vapor unsaturation of the
downhole CSG can be obtained. The unsaturated CSG will continue
to absorb the water vapor generated by the evaporation of the well
fluid in the annulus of the oil casing. However, the final saturation
state depends on the relationship between the annular water
evaporation rate and the gas flow rate. The downhole water
evaporation rate can be calculated by the Dalton model (Dalton,
1802; Min, 2005), such as Eq. 7.

Wd � αAcρl
1000 × t0

Pv2 − Pv1( ) (7)

The evaporation coefficient α can be obtained by Eq. 8

α �
0.21 + 0.055u1.25 ; u≤ 1.0m/s( )
0.18 + 0.085u ; 1.0< u< 4.0m/s( )
0.149u1−0.0612 u−4( )0.5 − 0.076; u≥ 4.0m/s( )

⎧⎪⎨⎪⎩ (8)

FIGURE 4
Schematic diagram of the evaporation process of CSG through a water surface.
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To evaluate the change in moisture content of CSG, the
following assumptions are made: a volume of CSG of ΔV passes
through the surface of water, and the passage time is Δt. The
moisture content of the CSG before it flows through the liquid
surface is d1; the moisture content of the CSG after it passes through
the water surface is d2, as shown in Figure 4.

Based on the mass conservation of water vapor during
evaporation, it can be expressed in Eq. 9:

WdAcΔtρl � d2 − d1( )AguρgΔt (9)

The critical evaporation rate required for downhole CSG to
reach saturation can be expressed as Eq. 10:

Wdc �
d2 − d1( )ρgAgu

Acρl
(10)

The critical gas velocity uc at which the CSG flow just reaches
saturation after passing through the liquid surface is
expressed as:

uc � WdcAcρl
ρgAg d2 − d1( ) (11)

By comparingWd andWdc values, it can be determined whether
the downhole CSG reaches saturation state and its final moisture
content. Due to the pressure distribution characteristics of the CSG
well, the water vapor in the gas will not condense as the gas rises.
Hence, the final gas vapor carrying capacity is the CSG moisture
content at the bottom of the well. At the same time, the calculation
formula of the final water drainage of low liquid level gas can be
contained expressed as Eq. 12:

d �
1.125Pv

Pwf − Pv( ) u≤ uc

d1 + WdAcρl
uAgρg

u> uc

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩ (12)

2.4 Experiment setups

This experiment is conducted with the experimental device of
the multi-reservoir coproduction device based on wellhead pressure
control. The device was independently designed and assembled by
Jiangsu Tuochuang Scientific Research Equipment Co., Ltd. The
device is mainly composed of wellbore simulation module, gas
supply module, pressure control module, flow monitoring and
display module, as shown in Figures 5A, B. The wellbore module
is used to simulate the wellbore conditions for CSG well production.
The gas supply module consists of a nitrogen cylinder and a booster
pump and is used to provide high-pressure gas for the experiments.
The pressure control module consists of multiple pressure-reducing
valves and is used to control the supply pressure and wellhead back
pressure. The flow monitoring module is mainly composed of two

FIGURE 5
Setup for evaporation experiment. (A) Block diagram of experiment system; (B) Pressuremodule andwellbore simulationmodule; (C) Record during
the experiment.

FIGURE 6
The mass of water vapor for experiments and model calculations
at different temperatures and pressures.
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gas flowmeters, which is used to display the real-time flow of
different branch. The reservoir pressure and wellhead back
pressure are adjusted by the pressure valve group to reach the
preset experiment conditions. The pressures are monitored by
the sensor and transmitted to the display module.

3 Experiments

To verify the correctness of the model, evaporation drainage
experiments under different temperature and pressure conditions
are carried out.

3.1 Experiment materials and parameters

As methane is flammable and explosive, we use nitrogen instead
of methane. Due to the fast gas flow rate and different molecular
diameters of water vapor and nitrogen after the high-pressure gas
flows out of the wellbore, the desiccant of X13 molecular sieve is
selected for gas drying. The maximum gas flow rate is 30.0 SL/min
limited by the range of the gas flowmeter. The experimental
temperatures were 20.0°C and 27.7°C. The pressure is set at
0.7–5.6 MPa. The steps of the evaporation experiment are as follows.

1. Inject a certain amount of water (set to 55.0 mL) into the
wellbore using a syringe from the casing at the lowest end of the
wellbore module.

2. Record the laboratory room temperature and the temperature
at the bottom of the wellbore module.

3. Weigh and record the total mass of the drying device.
4. Connect the air supply system and set the pressure and

wellhead backpressure.
5. Open the air supply system, connect the wellbore module gas

outlet to the drying unit after the airflow stabilizes, and record
the flowmeter readings.

6. Disconnect the wellhead gas outlet from the drying device
when the cumulative gas flow reaches the test requirements.

7. Weigh the drying module again and record.
8. By changing the pressure value of the device and repeating the

above steps.

3.2 Model validation

The results of the model calculations and experiments are shown
in Figure 6.

As shown in Figure 6, the trend of changes in experiments and
calculated data is consistent. However, there are deviations between
the experimental values and the theoretical calculation values. The
reasons for these deviations are as follows: gas volumemeasurement,
drying device quality measurement, etc. As the temperature
increases, the water content of the gas increases at the same
pressure, since the saturated vapor pressure of water increases
with increasing temperature. At the same temperature, the vapor
content of the gas decreases as the CSG pressure increases. The
experimental values are consistent with the calculated values of the
model, which verifies the model.

4 Results and discussion

Taking a CSG well in Ordos Basin as an example, the
evaporation drainage of CSG wells is analyzed. Through
theoretical calculation and experimental evaporation data, it can
be concluded that temperature, pressure, daily gas production and
initial gas content have an impact on evaporation drainage.
Calculations were carried out using MATLAB to analyze the
effect of different factors on the amount of liquid discharged by
evaporation. The parameters of a production well in Ordos Basin are
shown in Table 2.

4.1 Temperature

As shown in Figure 7, the water production by evaporation in CSG
wells increases rapidly with increasing temperature. As shown in
Figure 7A, when the BHFP is 1.0 MPa and the gas production is
30 × 103 m3/d, the mass of liquid discharged by evaporation increases
from 56.75 kg/d to 1,203.90 kg/d when the bottomhole temperature is
increased from 20°C to 80°C. As shown in Figure 7B, when the BHFP is
3.0 MPa and the bottomhole temperature is increased from 20°C to
80°C, the mass of liquid discharged by evaporation increases from
18.89 to 388.42 kg/d. The reason for the above change is that the
saturated vapor pressure of water increases rapidly with the increase of
downhole temperature, which leads to a sharp increase in the amount of
vapor carried by saturated CSG, and thus leads to an increase in the
amount of evaporated liquid carried by the CSG. This is consistent with
the experiment results of different temperatures in Figure 6. From the
above analysis, it is clear that temperature has a great influence on the
evaporation drainage of CSGwells. Therefore, when CSGwells conduct
evaporation drainage, wells with higher bottomhole temperatures can
be prioritized. There is also the option of heating the fluid at the bottom
of the well with a suitable device (such as electric heating, microwave
heating, etc.), which can effectively improve the water production of
evaporative fluid production.

4.2 Daily gas production

As shown in Figure 8, under different temperature and pressure
conditions, the evaporation drainage of the CSG well will increase with
the increase in daily gas production. The reasons are as follows. Under
the given condition of CSG well space parameters, the actual gas flow
rate must not exceed the critical gas rate. Thus the gas is saturated with
water vapor. As the daily gas production increases, themass of the water
discharged with the gas will also increase. As shown in Figure 8A, when
the BHFP is 1.0 MPa and the temperature is 60°C, with the increase of
gas production from 5 × 103 m3/d up to 50 × 103 m3/d, the water
production increases from 143.01 kg/d to 1,430.08 kg/d. The trends in
Figure 8B are consistent with those in Figure 8A but differ in their
values. Therefore, the evaporation drainage increases with the increase
of daily gas production, and the water production of evaporation mode
is linearly related to the gas production. In field application, when the
water production is less than the theoretical evaporation drainage
capacity, the evaporation drainage method can be adopted. While
the daily water production is slightly greater than the theoretical
evaporation drainage capacity of the current daily gas production,
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the evaporation drainage can bemoderately increased by circulating dry
gas injection to discharge more accumulated water.

4.3 BHFP

As shown in Figure 9, under different temperatures, with the
increase of BHFP, the water discharged by evaporation is in a
declining trend. As shown in Figure 9A, while the bottomhole
temperature is 80°C and the gas production is 10 × 103 m3/d, with

the increase of BHFP from 0.5 to 7.0 MPa, the mass of evaporation
drainage decreases from 335.05 kg/d to 23.04 kg/d. As shown in
Figure 9B, while the bottomhole temperature is 80°C and the gas
production is 10 × 103 m3/d, with the increase of BHFP from 0.5 to
7.0 MPa, the mass of evaporation drainage decreases from 844.6 to
54.98 kg/d. Under the condition of constant temperature and daily gas
production, the saturated vapor pressure of water does not change. The
reason for the change in evaporation drainage production is that the
saturated vapor pressure ratio of water decreases with the increase of
BHFP. This results in a decrease in the amount of water vapor per unit

TABLE 2 Basic data of a CSG well in Ordos Basin.

Depth of reservoir (m) 1953.5 Gas production/m3 × d-1 5–30 × 103

Casing size (inch) 4.5 BHFP/MPa 3.0–8.0

Tube size (inch) 1.5 Tube length/m 1900.0

FIGURE 7
Effect of temperature variation on evaporative water production in CSG wells. (A) The BHFP is 1 MPa; (B) The BHFP is 3 MPa.

FIGURE 8
The influence of daily gas production changes at the bottom on evaporation drainage in CSG wells. (A) The BHFP is 1 MPa; (B) The BHFP is 3 MPa.
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mass of CSG, which is consistent with the trend in the experimental
data in Figure 6. Therefore, if the CSG well is considered to drain water
through evaporation, the BHFP can be reduced through proper
measures to ensure that the theoretical evaporation drainage
production is greater than the actual water output.

4.4 Moisture content of gas in reservoir

With single or multiple coproduction, the moisture content of
the gas produced by the reservoir affects the amount of water vapor
absorbed by the gas at the bottom of the well. The pressure drop
between the reservoir and BHFP for single-layer production and the
difference in moisture content between two layers for coproduction
are considered for analysis. The results are shown in Figure 10.

As shown in Figure 10A, with the increase of pressure difference
between the reservoir and BHFP, the amount of water discharged by
evaporation increases, but the magnitude of the increase gradually
decreases. When the BHFP is 1.0MPa and the pressure difference is
0.5MPa and 1.0MPa, the water production by evaporation is 110.89 kg/d
and 165.77 kg/d, respectively.When the pressure difference is 1.5MPa, the
water production by evaporation is 198.52 kg/d. The reasons for this trend
are as follows. As the temperature of the bottom of the wellbore remains
unchanged, the saturated vapor pressure of the effluent vapor from the
bottom of the wellbore remains unchanged. Does not change. According
to Eq. 11, as the bottomhole temperature is constant, the mass of water
vapor per unit mass of CSG in the reservoir decreases with the increase of
pressure difference. Due to the gas flow rate not reached the critical flow
rate, when the gas enters the wellbore, it absorbs thewater vapor produced
by the evaporation of water in the wellbore and reaches the state of

FIGURE 9
Effect of variation of BHFP on evaporation water production. (A) Bottomhole temperature is 60°C; (B) Bottomhole temperature is 80°C.

FIGURE 10
Effect of different moisture content of reservoir output gas on evaporative drainage. (A) Effect of difference in moisture content due to pressure
difference between reservoir and BHFP; (B) Effect of difference in relative humidity of output gas from the other reservoir in a two-layer
coproduction well.
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saturated water content. Therefore, when the pressure difference between
the reservoir and the BHFP is greater, CSG could absorb more water
vapor. However, as the pressure difference between the wellbore and the
producing formation increases, the samemagnitude of change in pressure
difference does not result in the samemagnitude of change in the mass of
absorbed vapor. However, it gradually decreases as the pressure difference
increases, which is consistent with the trend in Figure 8.

Different moisture contents of gas from different layers in
coproduction CSG wells lead to different evaporation drainage
capacities. As shown in Figure 10B, with the wellbore temperature
of 60°C and daily gas production rate of 10 × 103 m3/d, when the
moisture content of the gas produced from another production layer is
different, the drainage capacity of the gas produced from this layer is
opposite to the value of the moisture content of the gas. When the
bottom pressure is 1.0 MPa and the relative humidity is 0.8, the
evaporation drainage production is 65.65 kg/d. When the relative
humidity is 0.6, the evaporated water production is 131.29 kg/d,
which is twice as much as that of the moisture content of 0.8. The
evaporated water yield at relative humidity of 0.4 is three times as much
as that at 0.8 moisture content. The reason for this is that the moisture
content is the mass fraction of water vapor in the gas. Therefore, as the
humidity of the gas decreases, the mass of vapor that the gas can carry
away from the bottom of the well increases proportionately.

5 Conclusion

Aiming at the problem that the short time for flowing production of
CSG wells, which is caused by liquid loading. Based on the Dalton
model, the model of evaporation drainage in the wellbore for CSGwells
was established. The correctness of the evaporation model was verified
by experiments in the laboratory. The effects of temperature, BHFP,
daily gas production and moisture content of gas from the reservoir on
the evaporation drainage were investigated. The increase of temperature
and gas production can promote the growth of evaporation drainage.
The increase of wellbore pressure and moisture content of reservoir gas
will inhibit the evaporation process for drainage.

By lowering the BHFP of CSG wells, increasing the temperature
of bottomhole fluid, and adopting measures such as circulating dry
gas injection, the evaporation water production of bottomhole fluid
can be further promoted, thus effectively prolonging the flowing
production time of in CSG wells. This can effectively reduce the
production cost of CSG wells (including co-production wells).
Currently, we are working on tools for heating fluids at the
bottomhole, which will be presented in a future work.
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Nomenclature

d the moisture of gas (kg/kg)

Rg the gas constant of dry methane (519.7 J/(mol · K))

Rv the gas constant of water vapor (461.9 J/(mol · K))

Pv the saturated water vapor pressure at different temperature (MPa)

Pvwd the saturated vapor pressure of water vapor at the bottomhole (MPa)

P the total pressure of the gas (MPa)

Pe the pressure of the gas reservoir (MPa)

T the temperature (K)

ΔHm the molar heat of vaporization (J/mol)

Vm2 the volume of saturated water vapor (m3/mol)

Vm1 the molar volume of water (m3/mol)

E evapotranspiration from the water surface (mm)

f(u) a function of wind speed

es Saturated vapor pressure at the water surface (hPa)

ea actual vapor pressure at the water surface (hPa)

LE latent heat flux (W/m2)

a coefficient

b coefficient

U relative humidity

s derivative of Pv with respect to temperature at a References height (hPa/°C)

γ wet/dry bulb thermometer constant (hPa/°C)

Rn net surface radiation (W/m2)

ΔQ change in heat storage in the water body

β bowen ratio

H sensible heat flux (W/m2)

Pwf bottomhole flow pressure (MPa)

Ph the wellhead pressure of gas well annulus (MPa)

f friction coefficient of the gas annulus pipe wall dimensionless

Qg the daily gas production of CSG well (m3/d)

D the diameter of the tubing (m)

�T the average temperature of the well section (K)

�Z average compressibility coefficient of the well section dimensionless

h the length of the calculated well section (m)

γg the relative density of CSG, dimensionless

e1 the absolute roughness of the pipe wall (m)

Re the Reynolds number of the gas flow in the tubing, dimensionless

Wd the evaporation rate of the well fluid in the casing annulus (m/s)

Ac the area of the well fluid evaporation surface (m2)

ρl the well fluid density (kg/m3)

t0 86,400 (s/d)

Pv1 the partial pressure of water vapor at d1 (MPa)

Pv2 the partial pressure of water vapor at d2 (MPa)

α evaporation coefficient (wind speed function) (mm/d)

ρg the in-situ density of CSG (kg/m3)

Ag the cross-sectional area of the gas flow path on the liquid surface (m2)

u the flow rate of CSG (m/s)
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