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Abstract: The Sulige is a low-permeability tight gas sandstone field whose natural gas production
has gradually declined with continuous development. The primary reason was that most of the wells
in the field flew below their critical rates and liquids started to accumulate in the wellbore at different
levels, which resulted in the production reduction due to the wellbore pressure decrease and back
pressure increase on the produced gas. An artificial lift was required to remove the liquids from
those wells. With the advantages such as simple installation and operation, low cost and high liquid-
carrying capacity, the plunger lift has been proven effective in the Sulige Gas Field. In this paper,
firstly, a series of mathematical models were developed to investigate plunger displacement and
velocity in the uplink and downside phases, fluid leakage in the uplink phase, and the characteristics
of tubing pressure and casing pressure in the uplink and pressure build-up phases. Then, taking well
X1 and well X2 at Su 59 area of the gas field as an example, the established mathematical models
were applied to estimate its tubing and casing pressure, plunger moving displacement and speed,
fluid leakage during the uplink phase, and gas production during the plunger lift. Hence, the well
production cycle operated by the maximum gas rate was optimized. This study provides a theoretical
basis for the optimal design of plunger lift parameters and the improvement of gas production.

Keywords: plunger lift; mathematical model; gas well deliquification; production cycle

1. Introduction

The Sulige Gas Field is located in the Ordos Basin of China, and is a typical tight
sandstone gas field whose matrix permeability is mainly distributed from 0.1 mD to 1 mD
and matrix porosity is between 3% and 12% [1,2]. With the continuous development of the
gas field, most gas wells have entered the stage of low production and liquid loading, and
experienced a large reduction of single-well production, and poor liquid carrying capacity,
which adversely affects the production of gas wells. Hence, gas well deliquification is
becoming more and more prominent. A Plunger lift was used to unload the liquids (water
and gas condensates) in the gas wells because of its good liquid-carrying effect and a high
degree of automation [3]. Therefore, it is of great significance to improve plunger lift
technology to establish mathematical models of the plunger dynamic lifting and analyze
its characteristics.

In 1994, Yu [4] employed the traditional static design method proposed by Foss and
Gaul to determine the run time, fluid discharge, and gas production of wells Wei 35
and Wei 63. Significant differences were noted between the values calculated using the
model and those obtained experimentally [5,6]. In 2005, He et al. [7,8] analyzed the factors
influencing plunger gas lift and design optimization. They accounted for three major types
of factors that influence plunger gas lift: dynamic, resistance, and volume. The dynamic
factors included the gas-liquid ratio, formation pressure, and gas production capacity;
the plunger gas lift gas-liquid ratio should be higher than the minimum value for normal
lift [9-12]. In 2018, Hashmi [13] et al. proposed a simplified plunger lift model and method
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for highly productive gas reservoirs, assuming that fluid accumulates in the tubing and
casing annulus and eventually flows into the tubing when gas is produced in an open
well [14,15]; the gas in the annulus subsequently lifts the fluid at the top of the plunger
out of the wellbore [16,17]. The model accounts for both the work done by the annulus on
the plunger and the frictional forces on the plunger during the movement [18,19]. In 2020,
Carpenter [20] proposed a model that accounts for the gas flow during plunger movement
in the tubing; the model can be used to calculate the instantaneous velocities of plunger
ascent and descent [21,22]. For a more accurate prediction of the plunger dynamics, the
plunger lift model was used to calculate the influence of the input parameters, and the
equations for plunger ascent and descent were improved [23,24]. However, most previous
studies did not consider the gas-liquid flow between the plunger and the tubing wall,
resulting in the ignoring of liquid leakage in the established models.

In this paper, based on the previous work, the plunger lift process is divided into the
uplink phase, continuity phase, downside phase and pressure build-up phase according
to the theory of multi-phase flow in the wellbore and plunger force analysis, and the
mathematical model of plunger gas lift is established to analyze the law of plunger motion
and the change law of gas well parameters during the plunger lift process, which provides
a reliable theoretical model for the optimal design of plunger lift parameters [25-27].

2. Development of Plunger Lift Mathematical Models

The mathematical models of plunger lift were established according to different stages
of the plunger operation processes, e.g., plunger ascent stage, plunger descent stage, and
formation pressure build-up stage, and the force analysis is shown in Figure 1. Dynamic
simulation of the plunger lift was performed to determine the variation trends of parameters
such as position, velocity, acceleration, pressure, output, and lift period of the plunger
during the lifting process and the relationship between the parameters. Each stage of lifting
was modelled based on the laws of conservation of mass and momentum. The workflow is
shown in Figure 2.
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Figure 1. (a) Uplink phase; (b) Continuous phase; (¢) Downside Phase in the gas column; (d) Down-

side Phase in liquid; (e) Pressure build-up phase.
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Figure 2. The workflow diagram.

2.1. Uplink Phase

A well bottom was considered the origin of the z-axis. A plunger moves upward along
the z-axis of the vertical wellbore, exhibiting a positive movement. When gas production
in the well ceases, the control valve opens and conducts the gas at the upper end of the
plunger to the surface pipeline or sprays out the gas in the atmosphere. Then, the plunger
uses the gas energy stored in the casing and in the formation to push the plunger into the
wellbore, thereby lifting the liquid section plug and plunger to the surface. According to
Newton'’s second law, the plunger operation process can be expressed as follows:

(Pyg — Pr)A1076 — mg — F, = mx" = ma (1)

where m denotes the mass of the plunger; A; denotes the area of the tubing column; g
denotes the gravitational acceleration; x” denotes the plunger running acceleration; F,
denotes the fluid column frictional resistance; Py, denotes the pressure on the upper surface
of the plunger; P;; denotes the pressure on the lower surface of the plunger.

The upward movement of the plunger results in liquid leakage, which is influenced by
factors such as plunger velocity and differential pressure, as demonstrated experimentally,
and is expressed as follows:

nD&? AP, 7mDév,
Go =" W(ng+?)+ 5 @)
Y = 027160, — 11353 3)
Ds? AP,  mDév
7 = (027160, —1.1358) [ (208 + )+~ @
" p

where q; denotes the liquid leakage; y denotes the leakage factor; v, denotes the plunger
velocity; [, denotes the plunger length; 1 denotes the fluid viscosity; 6 denotes the annu-
lar gap.

2.2. Continuous Phase

The continuous flow phase occurs after the plunger reaches the surface and enables
the subsequent flow of fluids to flow; the wellhead valve opens to release the gas. During
this phase, fluid is produced in the reservoir, and when gas production decreases because
of the re-accumulation of the fluid at the bottom of the well, the control valve closes and
the phase of continuation flow ends.

To simplify the calculations, only single-phase gas flow was considered in this study.
Therefore, the outflow part of the model represents the gas flow above the plunger during
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the ascent of the plunger because the gas-liquid mass inside the pipe changes because of
the bottom inflow and surface outflow. The overall equilibrium equation was as follows:

d

Emgfb = thub - Fgout (5)
d
Emltb = Fltuh (©)

where mg, is the mass of tubing gas; m,, is the liquid mass of the oil pipe.

2.3. Downside Phase

In the later stages of the renewed flow, the formation energy is depleted, the gas
flow rate is not sufficient for fluid output, and the fluid begins to re-accumulate in the
wellbore. The plunger catcher also releases the plunger, thereby causing it to descend into
the wellbore. The plunger descends first through the gas column and then through the
liquid portion of the wellbore. The forces (gravity and drag) acting on the plunger during
its descent in the gas column determine its acceleration and velocity. Therefore, when the
plunger descends at a constant velocity, the plunger’s gravity is equal to its resistance, and
the acceleration is zero. The total force can be expressed as follows:

Y F=my xa(t) =mpg — Fs(t) — Fro(t) )

where m,, is the plunger quality; F¢(t) is the buoyancy of the gas to which the plunger
falls in the gas column; F,(#) is the gas friction force on the plunger when it falls through
the gas.

After the descent of the plunger and the accumulation of liquid in the gas column,
the plunger continues to descend into the liquid column. The total force can be expressed
as follows:

Y F=my xa(t) = mpg — Fis(t) — F(t) (8)

where Fi¢(t) is the buoyancy force of the plunger falling in the liquid column; F;(t) is the
frictional resistance of the plunger falling in the liquid column.

2.4. Pressure Build-Up Phase

According to the conservation of mass, the sum of the change in gas mass in the casing
and that in the tubing is equal to the change in gas mass produced during the formation;
similarly, the sum of the change in liquid mass in the casing and that in liquid mass in
the tubing is equal to the change in liquid mass produced during the formation. These
relationships are expressed as follows:

Ameg(t) + Amyg(t) = Amyg(t) )

Amg(t) + Amy (t) = Amy (1) (10)

The fluids produced during the formation are distributed in proportion to the area
occupied by the casing, and the accumulation of fluids in the casing over time can be
calculated as follows:

AV, = AV,/GLR (11)
AH;(t) = AV’l(t)(Atj—Ac) (12)
A () = AVy(£) —— (13)

(At + Ac)

The mass of gas in the tubular column of the oil casing at time df can be calculated
using the following equations of the state of the gas:



Energies 2023, 16, 1359 50f12
28.97 £)AcHoo (1) x 10°
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t) + t
peas(t) = LT Purl) Pt u (15)
28.977, pt,, (1) AtHio (£) x 10°
g (1) = = z(ajR:travtg( ) (16
t) + t
pro(t) = PO PO 7)

where Am,(t) is the change in the mass of the gas in the oil jacket at moment t; Am;g(t) is
the change in the mass of the gas in the tubing at moment t; Am(t) is the change in the
mass of the fluid in the oil jacket annulus at moment t; Amy; (t) is the change in the mass of
the liquid in the oil pipe at moment; AV,; is the volume of fluid produced by the formation
at moment ¢; AV, is the mass of gas produced by the formation at moment.

3. Calculation and Analysis

The aforementioned mathematical models of the plunger lift process were analyzed
and validated using the production data of well X1 in Su 59 area as shown in Figure 3; the
basic data are displayed in Table 1. Without the plunger lift, the daily gas production is
mostly lower than 10,000 m®/d due to the liquid accumulation at the bottom of the well,
which means that the production is in a state of large unstable fluctuation range. With the
plunger lift, the daily gas production is significantly higher than without the plunger lift.
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Figure 3. Production data of well X1 in the Su 59 area.
Table 1. Basic data of X1 well in Su 59 area.
Depth in the i
Middle of the De.ptl} of . External . Casing Inner Well Bottom Tubmg Pressure Exter‘n a!
. Oil Pipe Diameter of Oil - during Well Transmission
Production . . Diameter (mm) Temperature (K) .
Penetration (m) Pipe (mm) Opening (MPa) Pressure (MPa)
Layer (m)
3720 3670 73 127 393 4 1
Current Static Snap-In Oil Pipe Inner Wellhead Relative Density Casing Pressure during Well
Pressure (MPa) Depth (m) Diameter (mm) Temperature (K) of Water (-) Opening (MPa)
16 3660 62 313 1.053 4
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3.1. Operating Parameters of the Upstream and Renewal Phases of the Plunger

The relevant operating parameters of the plunger upstream and renewal phase—the
relationship between displacement and time, the change in tubing pressure and casing pres-
sure, the change in velocity, etc.—can be calculated according to Equations (1) and (4)-(6),
as discussed in this section.

The relationship between displacement and velocity of the plunger in the upward
and renewal phases and time is illustrated in Figure 4. The displacement of the plunger
upward increases with time and stops varying when the plunger reaches the renewal stage;
subsequently, the plunger is captured and stops moving. After the opening lift, the plunger
running velocity increases rapidly from 0 to 2.5 m/s. During and after the plunger lift
exhaust stage, the plunger running velocity increases gradually, but the plunger is captured
by the catcher and the velocity decreases to 0 m/s at the plunger lift renewal stage.

4000 . r . r , , . ,
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§H—0—0—0—0—0—0—0—0—0—0—0—0
3500 | h
Velocity
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Figure 4. Upward and renewal phase displacement and velocity of the plunger.

Figure 5 illustrates the variations in the upstream tubing pressure and casing pressure
of the plunger with time. According to the change of tubing and casing pressure, the
situation of bottom well liquid accumulation and the time when the plunger lift enters the
next working cycle can be judged. During the pressure build-up phase, with the increase of
bottom well liquid, gas enters the annulus, and the high pressure of gas causes the tubing
and casing pressure to rise. When this pressure reaches a certain value, it indicates that
the gas well at this time is not suitable to continue in the pressure build-up phase, and will
enter the continuity phase.

The tubing pressure and casing pressure decrease during the plunger upward exhaust
phase, and the tubing pressure increases again when the operation reaches the wellhead
discharge phase. Thereafter, the tubing pressure continues to decrease again during the
renewal flow phase. The casing pressure decreases during the ascent of the plunger and
renewal flow, thereby facilitating the movement of the plunger and the fluid.

As displayed in Figure 6, at the beginning of the ascent of the plunger from the bottom
of the well, the plunger velocity is low, the pressure at the lower end of the plunger is large,
and the shear leakage in the plunger is zero. The shear leakage increases and plunger gap
leakage occurs with an increase in the plunger velocity. When the plunger velocity is equal
to the leakage velocity, shear leakage increases with the increase in plunger velocity.
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Figure 5. Variation in tubing and casing pressure during the upward and renewal phases.
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Figure 6. Relationship between velocity and leakage.

Figure 7 illustrates the difference between gas production with the plunger and with-
out the plunger. With the plunger, the decreasing slope in the upward phase of the plunger
lift indicated that the gas production decreases and enters the renewal phase. Consequently,
the gas production rate stabilizes, and the slope remains the same. Without the plunger, the
gas production is only slightly reduced due to less liquid accumulation in the early. As time

goes on, the liquid accumulation increased, and the gas production obviously decreased
compared with the plunger.
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Figure 7. Variation in gas production.

3.2. Operating Parameters of the Downward Phase of the Plunger

The relevant operating parameters of the downward phase of the plunger can be
obtained through Equations (7) and (8). The relationship between displacement and time,
change in acceleration, change in velocity, etc. are discussed in the following sections.

Figure 8 illustrates the curve of acceleration versus time during the downward phase
of the plunger. The plunger slides and its acceleration rapidly increases from 0 m/s? to
14.04 m/s? and gradually decreases to 0 m/s? because the resistance to the plunger also
increases with the increase in plunger velocity, thereby resulting in a gradual decrease in
column acceleration. When the force reaches equilibrium, the resistance to the plunger and
the velocity of the plunger stabilize, and the acceleration decreases to 0 m/s?>. When the
plunger enters liquid slip, the force equilibrium is disrupted, and the acceleration decreases
to —1.19 m/s?. Thereafter, the force equilibrium is established again and the acceleration

increases to 0 m/s?. Finally, the velocity reaches a constant value and the plunger slides to
the bottom of the well.

16

—e— Acceleration
14 p

— —
- (=) =] = N
T T T

Acceleration (m/s?)

N

®
0 »\o—o—o—o—o—o—o—o—o—o—o—o—o—oo\ /o—o—o—o

-2 1 1 1 1 bl 1 1

0 50 100 150 200 250 300
Time (s)

Figure 8. Variation in the downward acceleration of the plunger.

The relationship between plunger downtime and velocity is illustrated in Figure 9. At
the end of the renewal phase, the plunger began to descend toward the bottom of the well
calibrator; the velocity of the plunger gradually increased from 0 to 16.65 m/s, after which
the velocity was balanced by a force and uniformly decreased. When the plunger slides
into the liquid, the velocity suddenly decreases to 0.74 m/s because the running resistance
in the liquid is considerably increased; the resistance to the sliding velocity decreases.
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Figure 9. Variation in the downward velocity of the plunger.

As illustrated in Figure 10, the plunger in the gas column descends within a range
of 100 m with decelerated motion. Thus, the first section of the slope increases when
the plunger velocity increases. When the plunger force reaches equilibrium, the velocity
stabilizes, and the acceleration is 0 m/s?. Thus, the plunger maintains a uniform motion
with constant velocity during the downward motion in the gas column, and the slope
remains constant. When the plunger moves into the liquid column, the resistance suddenly
increases and the plunger velocity decreases. Subsequently, the force reaches equilibrium
again and the motion is uniform until the plunger reaches the bottom of the well.
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Figure 10. Downward displacement of the plunger.

3.3. Operating Parameters of the Pressure Build-Up Phase

The relevant operating parameters for gas well pressure build-up can be obtained
from Equations (15) and (17), and the build-up tubing pressure and casing pressure of the
gas well are obtained by calculating the operating results as follows.

The variations in tubing pressure and casing pressure are illustrated in Figure 11.
After the well is opened for production, the gas stored in the casing pushes the plunger
up and the tubing pressure and casing pressure gradually decrease. When the plunger
liquid section reaches the wellhead and starts to discharge, the tubing pressure is equal to
the liquid surface pressure in the liquid section and increases. Then, the tubing pressure
gradually decreases again during the renewal phase. When the tubing pressure and casing



Energies 2023, 16, 1359

10 of 12

pressure decrease to a constant value and the well is shut down, the tubing pressure and
casing pressure increase again before the next cycle.

4.5

4.0

N w g
n = n

Pressure (MPa)
(5]
=)

—8— casing pressure
tubing pressure

-
n
—T

=
=3
T

" 1 " 1 " 1 L 1
0 5,000 10,000 15,000 20,000

Time (s)

Figure 11. Variations in tubing pressure and casing pressure.

4. Production System and Production Parameter Design

The optimization of the plunger lift process primarily requires the optimization of the
well shut-in time. The longer the shut-in time, the higher the formation energy recovery,
thereby resulting in the accumulation of more gas in the oil jacket annulus, discharge of
more water in a single cycle, and increase in the single renewal production time. However,
because of the longer production time during the single renewal flow, the depletion of
gas-well energy and production decrease compared with the critical carrying flow rate,
thereby causing fluid accumulation in the wellbore and delayed well start-up. Moreover,
with increased production time, more formation energy is consumed and the well shut-in
build-up is prolonged, thereby severely influencing the efficiency of the plunger lift. Table 2
displays production data of well X1 and well X2 at Su 59 area for different lift fluid volumes
and casing pressure, which were inputted as variables in the program.

Table 2. Gas production in different work system designs.

Well Casing Operation PeriI())dicity .Liquid Cyclic C?as Daily G.as Daily Cycle

Name Pressure (MPa) Cycle (min/c) roductlo;l Prodt;ctlon Proc_luctm;l N_umber of

Volume (m°/c) (m°/c) Capacity (m>/d) Times (c/d)
X1 4 151 0.09362 1088 10,368.64 9.53
X1 4 337 0.18724 823 3514.21 4.27
X1 5 411 0.28086 1050 3675 3.5
X1 6 527 0.3322 1394 3763.8 2.7
X1 7 650 0.37488 1734 3814.8 22
X2 4 151 0.2411 1827 15,164.1 8.3
X2 4 337 0.5128 1463 5705.7 3.9
X2 5 411 0.6252 1676 5363.2 3.2
X2 6 527 0.8001 2269 5672.5 2.5
X2 7 650 0.9091 2833 6232.6 22

According to the simulation analysis of the plunger production system, the amount of
lift fluid increases with the increase in the casing pressure. Furthermore, the rise time of
the plunger decreases, but the well shut-down increases, thereby causing the pressure to
increase and the lift operation cycle to be prolonged. As displayed in Table 2, in the same
operating cycle, the amount of fluid discharge in the plunger should decrease each time
to enable the quick build-up of the tubing pressure and casing pressure and initiation of
the next cycle of operation; therefore, for the same operating time, the number of drainage
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runs and the amount of gas production increase. The plunger lift of well X1 and well X2
induces a casing pressure of 4 MPa and an operating cycle of 151 min, wherein the well is
opened for production for 35 min and closed for 116 min to maximize gas recovery.

Maximum gas production of well X1 is achieved at a casing pressure of 4 MPa and
a lift volume of 0.09362 m3, and maximum gas production of well X2 is achieved at a casing
pressure of 4 MPa and a lift volume of 0.2411 m3. Table 3 displays the design parameters of
the model for the gas-production regime.

Table 3. Gas-well design parameters.

S.mgle Cyc?e Maxn.num Aver.age Gas G.as-t.o- Numl?er of Daily Gas Daily quuld 0il Pipe
Well Lifting Fluid Casing Casing Liquid Daily . Production
Demand . Production down
Name Volume Pressure Pressure (m3/c) Ratio Cycles m3/d) Volume Depth (m)
(m3/c) (MPa) (MPa) (m3/m?3) (c/d) (m3/d) P
X1 0.094 4 3.396 1088 4000 9.53 10,368.64 0.896 3670
X2 0.241 4 3.192 1827 3500 8.3 15,164.1 2.001 3350

5. Conclusions

The plunger lift simulations and analyses can make out the following conclusion. At
the beginning of the ascent of the plunger from the bottom of the well, the plunger velocity
is low, but the pressure at the lower end of the plunger is high, and the shear leakage
in the plunger is zero. The shear leakage increases and plunger gap leakage occurs with
an increase in the plunger velocity. When the plunger velocity is equal to the leakage
velocity, shear leakage increases with the increase in plunger velocity. Finally, we get the
working system under the maximum gas production. The plunger lift of well X1 and well
X2 induces a casing pressure of 4 MPa and an operating cycle of 151 min, wherein the well
is opened for production for 35 min and closed for 116 min to maximize gas recovery.
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