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Abstract: The Changbei gas field is dominated by wells with large horizontal displacement, which
have exhibited high gas production performance at an early stage of development. With the decrease
in reservoir pressure, the liquid loading in the gas well is relatively high and gas production rapidly
decreases. Therefore, suitable drainage measures are required to maintain stable gas production.
Based on the characteristics of the unconnected oil jacket of gas wells in Changbei, a velocity string
was used for drainage. A critical liquid-carrying model was established to determine the location
of liquid loading in horizontal gas wells in Changbei. First, the coefficients of the liquid-carrying
model were determined through theoretical analysis of the characteristics of the gas well formation.
Then, the depth setting of the velocity string was analyzed. The critical liquid-carrying model was
employed to calculate the liquid-carrying flow rate of each section; the calculated flow rates were
compared with the actual flow rates to determine whether fluid accumulation occurred in each
section of the gas well. Thereafter, with the help of the oil and casing position, the suitable setting
position of the velocity string was determined. The formation fluid was driven from the tubing
into the casing owing to the increase in the overflow area, based on the principle of reducer fluid
mechanics. The fluid velocity in the larger overflow cross-section decreased, thereby reducing the
drainage capacity of the gas well and resulting in liquid loading. Finally, a timing analysis was
performed. After the formation pressure decreased, the well production and flow rate changes were
analyzed by placing two velocity strings of different sizes at different wellhead pressures in the gas
well with fluid accumulation. The results indicated that although the velocity string was set at a
position suitable for fluid drainage, fluid accumulation still occurred after a production period, thus
necessitating replacement deliquification.

Keywords: horizontal gas well; velocity string; DGR; coefficient of liquid-carrying model; setting
position of velocity string

1. Introduction

The Changbei block is situated in the northcentral part of the Ordos Basin, which is
rich in natural gas and is a low-permeability and low-porosity gas reservoir. The study
area is currently dominated by horizontal wells with open hole completions. The initial
production performance of a gas wells was high; however, after years of exploitation, the
formation energy considerably decreased, the pressure declined [1], and the gas volume
decreased. Natural gas cannot carry liquids normally, resulting in fluid accumulation and
even depleted production in serious cases [2—4]. Thus, determining the drainage scheme is
a crucial step.

The commonly used drainage solutions include the gas lift, plunger lift, foam drainage,
optimizing string (velocity string), and other processes. Gas lifting is an effective method
to solve gas well liquid loading, and this process has achieved great success in the former
Soviet Union, Romania, the United States, Canada, and other countries [5-7]. In China,
the gas lift process has been widely used in various gas fields, and 416 water-producing
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gas wells in the ChuanNan gas field produced 61.52 x 108 m® of additional natural gas by
applying the gas lift process [8]. Based on the gas lift process, the plunger lift process uses
a plunger as a gas-liquid partition interface to achieve efficient discharge of accumulated
fluid; this has been used in gas wells with high gas-liquid ratios to achieve reproduction
with only the gas energy stored in the well itself. Avery and Evans et al. proposed a
general plunger lift model to match the production capacity of the reservoir with the
plunger dynamics and maximize the fluid production [9]. Chen Kegui et al. optimized the
plunger lift construction tools and procedures according to the special well structure of
the directional wells in the Sugri gas field and the liquid loading characteristics of the gas
wells to guarantee the smooth passage of the tool string through the deflecting section [10].
With reference to a well in Kazakhstan, Nurkas discussed the conditions for well selection
and the benefits of applying the plunger lift process and found that installing a plunger
lift system is a more economical choice [11]. However, the plunger lift process is often
ineffective for wells with low gas production and high liquid loading, and the high failure
rate of the surface control system also affects the normal production of gas wells [12]. The
foam drainage is another widely used measure, which was first applied in the Krasnodar
gas field in the former Soviet Union and then in the Oklahoma and Kansas gas fields in
the United States, with an efficiency rate of over 90% [13-15]. Ge Lei and Busahmin et al.
thoroughly discussed the mechanism of increasing the production of the foam drainage
agent [16,17]. However, there is still a lack of theoretical basis and in-depth research on
the temperature resistance and the foam stability of the drainage agents [18]. Most gas
produced in Changbei block percolates into the permanent packers with the tubing, and the
oil jacket is not connected. Thus, the casing pressure cannot be monitored, and processes
such as the annular injection of the foam drainage agent or gas lift cannot be employed.
The velocity string technique is relatively simple, requires a short construction period, is
convenient to maintain, and thus exhibits favorable adaptability in the block [19].

The velocity string method has been analyzed by several scholars from different
perspectives. Zhao binbin et al. investigated the applicable conditions for velocity string
drainage and gas recovery technology [20]. Goedmoed et al. discovered that operational
parameters, such as the production formation pressure, liquid and gas production, diameter
of coiled tubing, setting depth, wellhead, and bottomhole flow pressure, influence the
production performance of the velocity string [21]. Wang haoru et al. assessed the cost
and economics of velocity string installation in gas wells under different stages of gas
production decline [22]. Bagis et al. analyzed the relationship between the reservoir inflow
performance relationship (IPR) curves and the tubing outflow performance curves (J curves)
to determine whether the different velocity string design schemes could sustain gas well
production [23]. However, several factors influence the effectiveness of the velocity string
method in the Changbei block. First, the position of the liquid loading in horizontal wells
is unclear, resulting in the poor setting position of the velocity string. Second, with the
implementation of the drainage measure, the productivity decreases and wellbore liquid
loading occurs. To address these problems, this study explored methods used domestically
and internationally for determining liquid loading in gas wells and selected the critical
liquid-carrying method [24,25] to determine the location of the liquid loading in gas wells.
This study also designed a method to determine the relevant coefficients in the liquid-
carrying model for the casing program of the gas wells in the Changbei block. The results
can enhance the understanding of the fluid-prone location of horizontal wells and the
velocity of the tubular column entry of gas wells in the Changbei block.

2. Horizontal Gas Well Liquid-Carrying Theory
2.1. Critical Liquid-Carrying Model Coefficient

Common critical liquid-carrying models include the Turner [26], Coleman [27], Li
Min [28], and Fernando models [29]. These models are based on different assumptions and
different critical fluid-carrying flow rate models, as listed in Table 1.
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Table 1. Common critical liquid-carrying models.

Year Models Droplet Shape Critical Liquid-Carrying Model Well Type
0.25
1969 Turner model Sphere ve = 5.48 {7"(‘);;”3)} Vertical shaft
8
47025
1991 Coleman model Sphere v, = 4.45 {U(pf’)izp?)} Vertical shaft
8
025
2001 Li Min model Ellipsoidal ve =25 {%} Vertical shaft
8
7025
2002 Fernando model Sphere Vaerit = 4.86 [Z(f - Sa’;g)z} Inclined shaft
4C0SxPg

As displayed in Table 1, the calculation model is formally the same formula, but
the coefficients of the critical liquid-carrying flow rate are different. The different liquid-
carrying model coefficients reflect improvements in the critical liquid-carrying model of gas
wells in the following ways: (1) adding correction coefficients to the model or subtracting
them from the model according to the actual measured data of the gas wells (Coleman
model); (2) analyzing the shape and size of the droplets and the drag coefficient (Li Min
model); (3) adding the correction of the tilt angle to the model according to the well type
(Fernando model).

2.2. Method for Determining Model Coefficient

The critical liquid-carrying models for gas wells face several problems [30-32]. First,
these models are applicable to specific well types (vertical or inclined), whereas most wells
in the Changbei block have large-displacement horizontal wells. The structure of a well
comprises both inclined and vertical sections; those models do not consider the influence
of the change of the whole wellbore structure on the wellbore flow pattern and the liquid
carrying. The liquid accumulation should be judged by the increase in the liquid volume
in the whole wellbore and the liquid fallback degree of the sections, and not simply by
the liquid fallback of a section. In addition, most liquid-carrying models are based on
theoretical assumptions and laboratory experiments, which have certain limitations. The
well structures of the horizontal wells at different engineering sites in the Changbei block
are slightly different. Therefore, the results obtained through the direct application of
existing liquid-carrying models are largely different from the actual results.

To address the aforementioned problems, a critical liquid-carrying calculation model
should be established to simulate the entire wellbore of a single horizontal well in the
Changbei block, according to the measured data for the well structure in the Changbei
block and the liquid-carrying models of inclined and vertical sections listed in Table 1. The
basic process of calculation followed in this study is detailed as follows:

(1) The data obtained from the period of the gas well accumulation were selected and then
incorporated into the three liquid-carrying models of the vertical section to calculate
the liquid-carrying flow rates in each section of the wellbore, and the calculated flow
rates were compared with actual flow rates. If the actual flow rates were larger than
the flow rates calculated by the Turner, Coleman, and Li Min models, a judgment
factor M was selected based on the K; value for the inclined section.

0.25
v, = Mlo-(Pl ng)] (1)
Pg

M is the coefficient with values 5.48, 4.45, and 2.5 for the Turner, Coleman, and Li Min
models, respectively.

(2) The kickoff point [33] was selected to match the critical liquid-carrying capacity of
both the vertical and inclined sections. The wellhead was varied to calculate the flow
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rates using the Turner, Coleman, and Li Min models under the original formation
pressure. Furthermore, the Fernando model was fitted to the flow rates. The different
values of K; were obtained according to the fitting.

0‘( _ ) 0.25
Vgt — 4.86| PL_FPg) ] )

Kjcosapg?

(3) A point at the base of the inclined part was selected because fluid does not accumulate
in gas wells under the original formation pressure. Critical liquid-carrying flow rates
for different values of K; under this condition were calculated and compared with
actual flow rates to determine and analyze the most appropriate drag coefficient K
and coefficient M.

(4) The applicability of the drag coefficient K; and the coefficient M was verified. The
data of the initial liquid loading period was incorporated into the liquid-carrying
model of the inclined part of the wellbore, and the liquid-carrying flow rate at each
position of the inclined part of the wellbore was calculated and compared with actual
flow rates to verify the accuracy of the coefficients.

3. Analysis of Velocity String Setting Depth
3.1. Method for Determining Setting Depth

An inappropriate running depth of the velocity string may cause continued liquid
loading [34,35]. Therefore, this study established a method for analyzing the running
depth of the velocity string and a method for determining the coefficient of the fluid-
carrying model.

(1) Using the method for determining the coefficient of the proposed liquid-carrying
model, a model suitable for each horizontal gas well was determined. Furthermore,
the critical liquid-carrying flow rates of the vertical and inclined parts of the horizontal
well were calculated. If the gas flow rate in the wellbore was higher than the calculated
critical liquid-carrying flow rate [36], fluid accumulation did not occur in the gas well;
by contrast, fluid accumulation occurred in the gas well if the flow rate was lower
than the calculated value. By contrast, fluid accumulation occurred in the gas well if
the flow rate was lower than the calculated value.

(2) The location of liquid loading was determined according to the setting position of the
tubing and casing in the well structure of horizontal wells.

3.2. Application Examples

The horizontal gas well, CB-2, was used as an example for designing velocity string
drainage. First, a suitable liquid-carrying model was determined. The gas flow rate for
three types of liquid-carrying models in the vertical section were calculated and compared
with the actual flow rate under a decreasing formation pressure of 10.7 MPa and a wellhead
pressure of 6.26 MPa. Figure 1 depicts that the calculated flow rates for the vertical section
were less than the actual flow rates, which means the gas well did not accumulate fluid in
the vertical section. Meanwhile, the determination of whether the whole well accumulates
fluid or not required the calculated flow rates for the inclined section, and the coefficient M
was selected according to the relevant data from the inclined section.

The kickoff point of the well was measured at a depth of 2066 m, where the liquid-
carrying model for the vertical part of the well and the liquid-carrying model for the
inclined part were both valid. The results calculated using both formulas were similar.
Therefore, the wellhead pressure was 1-10 MPa, and the drag coefficient was assigned
different values so that the flow rate of the Fernando model in the inclined section was
equal to that obtained using the Turner, Coleman, and Li Min models in the vertical section
at the kickoff point. Three K; values were calculated: 0.63, 1.43, and 15 (Figures 2-4).
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Gas flow rate/(m/s)

Figure 1. Actual flow rates and liquid-carrying flow rates in the vertical part of the well.
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Figure 2. Drag coefficient for the inclined section determined using the Turner and Fernando models.
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Figure 3. Drag coefficient for inclined section determined using the Coleman and Fernando models.
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Figure 4. Drag coefficient for inclined section determined using the Li Min and Fernando models.

The K; values obtained through the aforementioned calculation method were incorpo-
rated into the Fernando liquid-carrying model. Then, the liquid-carrying flow rates and
the actual flow rates of the Fernando fluid-carrying model were calculated using different
K; values at the base of the inclined part of CB-2 at a measured depth of approximately
3337.9 m under a formation pressure of 26.5 MPa and a wellhead pressure of 1-10 MPa
(Figure 5).

55

5.0 F Actual flow rate

Fernando model with K ;=0.63
Fernando model with K ;=1.43
4.0 Fernando model with K =15

4.5

35

3.0 F
| N
20

L5 —

Gas flow rate/(m/s)

0.0 15 3.0 45 6.0 7.5 2.0 105
Wellhead pressure/(MPa)

Figure 5. Actual flow rates and liquid-carrying flow rates in the inclined part of the well.

Under the original formation pressure, that is, when the gas well production was
initiated, generating fluid accumulation was challenging. The actual flow rates at the base
of the inclined part were less than the flow rates at the same location corresponding to the
Fernando model at K; = 0.63. Therefore, the critical liquid-carrying flow rates at the base
of the inclined part for K; = 0.63 were not applicable. When the wellhead pressure was
higher than 6 MPa, the actual flow rates at the base of the inclined part were lower than
the flow rates corresponding to those obtained using the Fernando model at K; = 1.43 at
the same location. Although the Coleman model is applicable to gas wells with wellhead
pressures lower than 3.45 MPa, the actual production in the Changbei gas field has a
wellhead pressure higher than 3.45 MPa; thus, the critical liquid-carrying model is also
not applicable to the inclined section at K; = 1.43. Therefore, the Fernando liquid-carrying
model at K; = 15 and the corresponding Li Min model for the vertical section were adopted
to calculate the liquid-carrying flow rates of the horizontal gas well.

The initial liquid loading data were used to verify the applicability of the Fernando
liquid-carrying model at K; = 15. The model data for each position of the inclined part of
the wellbore were calculated and compared with actual data under a decreasing formation
pressure of 13.1 MPa and a wellhead pressure of 5 MPa (Figure 6). The actual gas flow rate
at the base of the inclined part, that is, at the measured depth of 3337.9 m, was 1.63 m/s,
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Gas flow rate/(m/s)
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and the liquid-carrying flow rates obtained using the Turner, Coleman, and Li Min models
were 4.56, 3.72, and 2.07 m/s, respectively. The actual flow rates at the base of the inclined
part in the initial stage of the liquid loading in the well CB-2 were less than the flow rates
at this point of the inclined part of the liquid-carrying model corresponding to the three
different values of Kj;.

12 - Actual Mow rale
Fernando model with K =0.63

Fernando model with K, 1.43

Fernando model with K =15

—
=
T

@
T T

Gas flow rate/(m/s)

-
T

!
2100 2400 2700 3000 3300

Measured depth/(m)

Figure 6. Verification of model applicability.

Because of the initial liquid loading phase, the liquid-carrying flow rates at this point
should be closer to the actual flow rates, that is, the critical liquid-carrying flow rate at
K, =15 corresponding to the Li Min model. The applicability of these two models to the
horizontal gas well was verified.

The Li Min model and Fernando model for K; = 15 were obtained for the given well.
According to the production data of the target gas well during liquid loading, the flow rates
of the fluid carried in the vertical and inclined part were calculated, and the liquid loading
location was determined through comparison (Figure 7). As displayed in Figure 7, no fluid
loading was observed in the vertical part, whereas liquid loading occurred at the base of
the inclined part. The location of liquid loading was analyzed according to the running
conditions of the oil and casing in the horizontal wells (Table 2).

—=— Actual flow rate sr —— Actual flow rate
*— Critical liquid-carrying flow rale _ —— Critical liquid-carrying flow rate
w
~—~ 4 -
c
3
—_— e —— . E 3k
=
)
=
w 2
=
Q
1
0 500 1000 1500 2000 2100 2400 2700 3000 3300
Measured depth/(m) Measured depth/(m)
(a) (b)

Figure 7. (a) Actual gas flow rate and critical liquid-carrying flow rate in the vertical section. (b) Ac-
tual gas flow rate and critical liquid-carrying flow rate in the inclined section.
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Table 2. Tubing, casing dimensions, and running depths.

Measured Depth/m Outer Diameter/m Inner Diameter/m
Casing 0-33.1 0.508 0.476
Casing 33.1-650 0.340 0.314
Casing 650-3337.9 0.245 0.217
Tubing 0-3324 0.114 0.101

The casing was set at a measured depth of 3337.9 m in the gas well, and the tubing
was set at a measured depth of 3324 m; the inner diameter of the casing was considerably
larger than that of the tubing. Therefore, the gas flow rate at the bottom of the casing
was small and less than the critical liquid-carrying flow rate and continued to induce
liquid accumulation.

After the gas entered the tubing, the inner diameter decreased, and the flow rate
increased and was higher than the critical liquid-carrying flow rate. Therefore, the liquid-
carrying capacity of the gas increased, allowing it to carry the liquid in the tubing out
of the wellbore. Therefore, the liquid loading was generated in the casing at the bottom
of the inclined section. This part of the casing and wellbore had a measured depth of
3324-3337.9 m.

The wellbore liquid loading was initiated from the bottom of the inclined part. The
velocity string was set at a measured depth of 3324-3337.9 m to enhance the drainage
ability and to restore production (Figure 8).

/ 20" casing @ 33.15m

== 13-3/8"casing (@ 650 m

Velocity string

9-5/8" casing @3337.9 m

4172"tubing @ 3324 m
Figure 8. Diagram of casing program and velocity string setting position of well XX-2.

4. Determination of the Time of Velocity String Installation

The results for the velocity string process were favorable at the initial stage of imple-
mentation, but the capacity and liquid loading in the wellbore decrease over time. Only
through relevant theoretical calculations, the critical liquid-carrying flow rates under the
decay of formation pressure being determined, can we ensure continuous fluid discharge.

For the target gas well, the cumulative liquid-column height reached 39.6 m. Two
velocity strings of different sizes were selected to calculate the critical liquid-carrying
velocity at the bottom of the inclined part with the decrease in formation pressure. To
determine the re-accumulation formation pressure, the calculated flow rates were compared
with actual flow rates (Table 3).
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Table 3. Formation pressure at which fluid began to accumulate at different wellhead pressures for
different pipe diameters.

Prossureripa FpeSizeim QRSO Critcal Gas Flow Ratelmis) S0
6.26 0.043 1.750 1.762 8.70
6.26 0.051 1.749 1.762 8.70
5.00 0.043 1.849 1.980 7.00
5.00 0.051 1.900 1.983 7.10

Figure 9 depicts that under a wellhead pressure of 6.26 MPa, the liquid loading of the
gas well initiates when daily production is less than 23,850 m3/d and a velocity string of
0.043 m is lowered. The liquid loading occurs again when daily production is lower than
30,630.1 m3/d and a velocity string of 0.051 m is lowered. Under a wellhead pressure of
5 MPa, the liquid loading of the gas well occurs again when daily production is lower than
20,111.2 m3/d and a velocity string of 0.043 m is lowered. The liquid loading of the gas
well occurs when daily production rate is lower than 27,153.6 m®/d and a velocity string of
0.051 m is lowered.

—e—1.71 inch
—e—1.995 inch

Daily production/(10*m>/d)

Daily production/(10*m®/d)

34 —=—1.71 inch
—e—1.995 inch
24
T T T T T T T T T T T T
6.5 7.0 75 8.0 85 9.0 9.5 100 105 110 85 9.0 9.5 10.0 10.5 11.0

Reservoir pressure/(MPa)

Reservoir pressure/(MPa)

(a) (b)

Figure 9. (a) Relationship between formation pressure and daily production for wellhead pressure of
6.26 MPa. (b) Relationship between formation pressure and daily production for wellhead pressure
of 5 MPa.

A small difference in the formation pressure was observed at the beginning of the
liquid loading between velocity strings of different sizes, and a velocity string having a size
within this range was selected for deliquification of the target gas well. When the velocity
string was lowered, the daily production decreased to 2 x 10* m®/d and fluid accumulation
occurred again; this is of practical significance and guides the field production of the target
gas well.

5. Conclusions

This paper proposed a method to determine the liquid-carrying model coefficients for
the structural characteristics of horizontal gas wells. The method can be used to calculate
the critical liquid-carrying flow rate using a model that is applicable to individual wells in
a gas field. The location of the liquid loading in the inclined part was determined according
to the difference between flow rates calculated using the model and actual flow rates. The
results indicated that the velocity string descended to the bottom of the inclined part. The
CB-2 was used as an example to calculate the variation in the gas well production with
the decrease in the formation pressure after the size of the different velocity strings was
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decreased under different wellhead pressures. The results suggested that the technique can
help mitigate the problem of stable liquid-carrying production when the gas production is
above 2 x 10* m3/d.
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