THE UNIVERSITY OF TULSA

THE GRADUATE SCHOOL

TRANSIENT MODELING OF PLUNGER LIFT FOR GAS WELL LIQUID UNLOADING

by
Qingqi Zhao

A thesis submitted in partial fulfillment of
the requirements for the degree of Master of Science

in the Discipline of Petroleum Engineering

The Graduate School

The University of Tulsa

2020



THE UNIVERSITY OF TULSA

THE GRADUATE SCHOOL

TRANSIENT MODELING OF PLUNGER LIFT FOR GAS WELL LIQUID UNLOADING

by
Qingqi Zhao

A THESIS

APPROVED FOR THE DISCIPLINE OF

PETROLEUM ENGINEERING

By Thesis Committee

Hong-Quan Zhang, Chair
Ovadia Shoham

Baojun Song

Haiwen Zhu



COPYRIGHT STATEMENT

Copyright © 2020 by Qingqi Zhao

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means (electronic, mechanical, photocopying,

recording, or otherwise) without the prior written permission of the author.



ABSTRACT

Qingqi Zhao (Master of Science in Petroleum Engineering)

Transient Modeling of Plunger Lift for Gas Well Liquid Unloading

Directed by Dr. Hong-Quan (Holden) Zhang

92 pp, Chapter 5: Conclusions and Recommendations

(318 words)

A natural gas production well is commonly accompanied by liquid condensate. As gas
wells mature, production rate and bottom-hole pressure decrease, resulting in liquid loading since
the gas cannot carry the liquids to the surface. As a result, the liquids are accumulated at the bottom
hole, which increases hydrostatic pressure, reduces gas production, and eventually kills the well.
As an economical artificial lift method, plunger lift can be used to remove liquids from high
gas/liquid ratio (GLR) wells. Therefore, the well bottom-hole pressure can be maintained low and
gas can be produced at a high flow rate. However, the transient flow behavior of plunger lift wells
is not well understood. In this study, a transient mechanistic model is developed to simulate the
entire dynamic process of plunger lift cyclically paced by a surface control valve.

Starting with the Gasbarri and Wiggins (2001) dynamic plunger lift model, four stages in
the cyclic movement of a plunger can be identified and calculated by a set of specific governing

equations for plunger upstroke, gas blowout, plunger fall-down, and pressure buildup. Considering



the gas flows with a plunger moving in the tubing, the model can give the instant velocities during
the rising and falling of the plunger. Vogel’s Inflow Performance Relationship (IPR) (Vogel, 1968)
is used as the reservoir model to obtain the fluid flow from the reservoir to the well-bore. The
plunger model is able to capture all the essential features of the plunger cycle: the plunger
velocity/acceleration, pressure versus time, production rate versus time, etc. Compared with the
previous models, the equations of the rising speed and the falling speed of the plunger are improved.
Hydrocarbon mixture in the gas well is also considered in the modified model which provides
more accurate and reasonable predictions of tubing and casing pressure. Future improvement of
the plunger lift model can be accomplished by adding liquid leakage around the plunger, and liquid

slug discharge dynamics.
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INTRODUCTION

As an intermittent artificial lifting method, plunger lift is commonly used to remove liquids
from gas wells or relatively low production rates but high GOR oil wells. Different from other
artificial lift methods, the plunger lift is operated by the energy from the well to unload liquid. The
liquid loading occurs near the well bottom due to the accumulation of liquid (Fan et al., 2018),
which adds a considerable back pressure to the reservoir and further reduces the gas production
rates (Hashmi et al., 2018; Zhang et al., 2018; Wang et al., 2019). Under this condition, the
produced liquids will continuously accumulate in the wellbore, which reduces the production and
the well-producing life span.

A plunger cycle starts in the shut-in period when the control valve at the surface closes and
the plunger drops from the surface to the bottom of the well. In the upward period, the well pressure
is built by the accumulated gas in the annulus and the near-wellbore region of the reservoir.
Thereafter, the plunger and liquid slug are lifted to the surface against surface-line pressure and
friction. The gas from both annulus and the near-wellbore reservoir will expand into tubing to
provide enough energy to lift the plunger to the surface. In this period, the surface production rate
and tubing pressure drop sharply due to the rapidly reduced differential pressure between casing
and tubing.

After the plunger arrives at the surface and the liquid is unloaded, the gas production rate
increased sharply since the well begins to produce free of liquids. As the production rate and gas

velocity drop below the critical values, liquid is accumulated at the tubing bottom again. Then, the



well is shut-in and the plunger falls back to the bottom. Thereafter, a new cycle starts and the lift
cycle repeats one after another.

In general, plungers are installed in high gas-liquid ratio (GLR) oil wells or liquids loaded
gas wells. The GLR and gas rate need to be high enough to provide energy in order to lift liquids
from the bottom hole. Compared with other artificial lift methods such as rod pump and ESP, the
main advantages of plunger lifting are the relatively lower investment and operation cost. The
disadvantage of the plunger lifting system is that the lifting process is complex, and the
optimization and troubleshooting of the lifting method are lack of understanding. In order to apply
the optimization algorithm, an accurate mechanistic model of the transient plunger lifting process
must be developed.

Several static models have been proposed and are widely used in the design because of its
simplicity. The dynamic model that describes the circulation phenomenon of plunger lifting is also
widely studied recently. The existing models are still insufficient due to oversimplification or
individual assumptions. In this study, a new model will be developed considering changes of
plunger rising and failing velocities, as well as combination with compositional model and black-
oil model. The new plunger lift model will be compared with the simulation results of OLGA, a

widely used transient commercial software.



CHAPTER 1

LITERATURE REVIEW

Artificial lift production is a method of artificially adding energy to the fluid and lifting it
from the well bottom to the wellhead. With the increase of the total amount of gas (and liquid)
produced, the reservoir pressure decreases and the water cut (WC) of the well increases. As a result,
the self-flow ability of the gas well is weakened gradually. The artificial lifting method (also
known as mechanical oil extraction) is the main way to increase production especially in the late
stage of gas and oil field exploitation. The methods of lifting crude oil from the bottom of the well
to the surface by artificial lift can be divided into two groups: gas lift methods and pumping
methods.

The pumping methods mainly use can be further divided as rod pump and non-rod pump.
Sucker rod pumping is a kind of artificial lifting oil production method that the pumping unit drives
the piston to move up and down by the sucker rod in the well to pump the oil to the ground. This
method accounts for 80% - 90% of all the wells in the world. Non-rod pump production refers to
the underground pump driven by motor or high-pressure liquid instead of using sucker rod to
transfer power, including electric submersible pump, screw pump, jet pump, and hydraulic piston
pump.

For the gas lift method application, the gravitational term is dominant and the bottom hole
flowing pressure is not high enough to lift the crude oil from the well bottom to the surface.

Therefore, it is necessary to inject the gas into the bottom of the well artificially and lift the crude



oil out of the ground. The lifting principle is similar to that of a natural flowing well. High-pressure
gas is injected into the annulus of the casing and then enters tubing through gas lift valves. As a
result, the density of the mixture in the wellbore is reduced until it can be discharged out of the
wellhead. At the same time, the volume of injected high-pressure gas increases gradually when it
rises along the wellbore, and the carrying ability of the expanded gas also increases. Gas lift is
suitable for oil wells with strong liquid supply capacity and high formation permeability, including
but not limited to offshore oil production, deep well, deviated well, sand well, and gas and oil wells
with corrosive components that are not suitable for other artificial lift methods. The advantages of
gas lift production include simple wellhead and downhole equipment requirements, and
convenient management and adjustment; the disadvantages are complex surface equipment system
requirement, large investment, and low utilization of gas energy.

For gas well with limited liquid production, gas lift and pump lift method are no longer the
appropriate options, and plunger lift is commonly the choice. Plunger lift is a reciprocating piston
pumping method with high efficiency and flexibility. It can be used in vertical wells, inclined wells,
and cluster wells. The system can effectively remove the bottom hole liquid accumulation, reduce
the back pressure on the production layer and prevent water flooding, and extend the life of natural
gas wells. Among the many liquid removal technologies, plunger lift is a simple, reliable and
economical remedy for liquid-filled wells. As shown in Figure 1.1, a typical plunger lift system
mainly comprises piston/plunger, surface control valve, catcher, lubricator/shock spring, bumper
spring, plunger sensor, etc. A plunger lift system relies directly on the natural buildup of pressure
in a shut-in gas well by the produced gas. The plunger lift cycle starts when the plunger is launched
from the top of the bottom-hole bumper spring or when it is released from the surface lubricator.

When the surface valve opens, the plunger travels from the bottom-hole bumper spring to the



surface. When the well is shut-in, the plunger falls to the bottom-hole bumper spring through the
tubing. A motor valve is controlled at the surface and the differential pressure built during the well
shut-in period forces the plunger to move up and lift the liquid to the surface. An arrival sensor
recognizes and records plunger arrivals, plunger speeds, valve counts, and sets the controller to on,

off or sales mode.

Lubricator/
shock spring

Plunger sensor :
Catcherd

Supply * Closed Motor
gas

” Plunger

Bumper spring/plunger stop

o]
A -

{111
(1

Figure 1.1: Schematic of a typical plunger lift installation (http://petrowiki.org/Plunger lift
installation and maintenance)

Plunger lift has the characteristics of simple equipment, less investment, and low operating
costs. It has become the first choice for oil wells with high gas-oil ratio and low energy production,
and also the ideal alternative for continuous gas lift. At the same time, it is also very economical

and reliable for drainage gas production of gas wells. The energy of the plunger pump system


http://petrowiki.org/Plunger

comes from the natural buildup of pressure in the shut-in time and the gas velocity in the well. The
plunger lift cycle starts from the plunger is released from the surface lubricator or released from
the top of the bottom-hole bumper spring. After the surface valve is closed and the shut-in time
begins, the plunger falls through the fluid to the bottom-hole bumper spring. When the valve opens,
the plunger is launched from the bottom-hole bumper to the lubricator, bringing the gas and liquid
to the surface. Plunger lift uses a free-piston that travels up and down the tubing string and acts as
an interface between liquid and gas. Because the plunger provides a seal between the liquid and
the gas, the well uses its energy to lift liquids out of the wellbore economically and efficiently.

Plunger lift models can be broadly categorized into static and dynamic models.

1.1 Static Models

Static models use a semi-empirical correlation of the variables of interest for a particular
part or stage of the process. Although the semi-empirical model is only an approximation, it can
be used to estimate the conditions for opening or closing the production valve. Foss and Gaul
developed a static model. The data of 100 wells in Ventura oilfield are used and there are three
basic variations of plunger lift method in the wells to be analyzed (conventional plunger without
packer, plunger-gas lift with packer and gas-lift valve, plunger lift with packer and standing valve,
open mandrel on bottom). The sum of the forces acting on the plunger, and the minimum casing
head pressure required to lift the plunger to the ground was obtained. The rising and falling
velocities of the plunger were assumed constant. The weight of the gas column, plunger friction,
and liquid drop were ignored. The minimum pressure required to maintain a liquid plug above the
plunger was calculated. The assumption also included a 1000 ft/min rise velocity determined from

field data and a 2000 ft/min fall velocity for the plunger through the gas. The plunger fall velocity



through the liquid was assumed to be 172 ft/min. These plunger velocities were used to determine
plunger cycle time and the production of the well. Foss and Gaul showed that the cycle frequency
depends on the productivity index (P1) of the well, available gas energy, tubing backpressure and
plunger travel time. Attempts have been made to improve the Foss and Gaul model by changing
values of liquid load, plunger average velocity, tubing pressure, and casing pressure, etc. Hacksma
(1972) identified the optimal plunger cycle as the gas lifting the plunger and liquid slug to the
surface as soon as the plunger falls back to the bottom-hole bumper. This work is still widely used

in the design of plunger lifting.

1.2 Dynamic Models

The first dynamic model was developed by Lea (1982). Compared to static models, the
dynamic model needs lower operating pressures and less gas than the static model. Lea analyzed
plunger lift systems in oil wells with high gas-liquid ratio (GLR) or gas wells with limited liquid
production. Gas and liquid frictions were considered in the plunger movement equations. However,
it neglected gas leakage and liquid fallback from the plunger. Lea gave a simplified correlation for
liquid loading as a function of time for a predominantly gas-flowing well. The plunger circulation
of tight gas wells was simulated by a reservoir model. The results showed that the specified gas
production times with plunger fixed on the surface have little effect on the average circulation
production due to a certain balance effect. If the build-up period is longer than that required to lift
the slugs, the production will be reduced. Compared with Foss and Gaul (1965) model, Lea model
predicted 16% lower gas requirement with constant plunger rising and falling velocities to lift the

plunger.



Marcano and Chacin (1994) proposed a comprehensive mechanistic (phenomenological)
model of conventional plunger lift installations that contains all relevant stages of the production
cycle (plunger rise, plunger fall, pressure buildup). The model includes the influence of the
reservoir performance, overcoming the limitations of the static model. Marcano and Chacin model
can predict the conventional plunger lift process by incorporating the liquid fallback during
plunger rises as a linear function of average rising velocity. The field data used by Marcano and
Chacin show that the model can reflect the production performance of the studied oil well,
especially correctly reproduce the shape of the ratio of the fall-back to the driving pressure on the
plunger. The difference between liquid/gas production and model prediction is between 15% and
20%. This result is encouraging because of the difficulties in obtaining accurate field
measurements. Marcano and Chacin developed a computer program afterward, which can be used
in the design and troubleshooting of a conventional plunger lifting. Results showed that under
given conditions, where enough pressure is built up in the annulus for a complete plunger
movement, the maximum production can be obtained. As long as the amount of gas from the
reservoir is greater than the minimum requirement, the maximum production can be achieved
regardless of the producing gas-liquid ratio. In other words, when enough gas and pressure is
accumulated in the annulus, higher gas production rate can be obtained with a faster plunger cycle.
The main difficulty of Marcano and Chacin’s model in verifying and improving the production
process is to obtain representative high-quality field data. Great efforts were made by Marcano
and Chacin to acquire data for their study, but little was achieved. Only two producers with
reasonably complete data sets were found.

Gasbarri and Wiggins (2001) developed a dynamic plunger lift model which incorporates

reservoir performance correlations. They studied the effect of friction between the liquid slug and



tubing wall. The effect of the expanding gas above and below the plunger was also analyzed. In
addition, the effect of separator and flow line was considered by including the transient behavior
after liquid slug arrival to surface. The model contains four parts: upstroke, blowdown, buildup
and reservoir components. In the upstroke component, the transient behavior of the gas at the top
of the slug was included to simulate the behavior of the slug to the flow line when the tubing valve
was opened. The model was tested by Gasbarri and Wiggins using the data from the example well
of Lea (1982) and field case of Baruzzi (1995). The model prediction accurately matched the data
from the example well of Lea and the field case well from Baruzzi. Compared with Lea’s work,
Gasbarri and Wiggins concluded that the transient behavior of gas expansion at the top of the slug
has a substantial impact on the plunger velocity of the gas well when the tubing valve opens.
Besides, the blowdown stage has a great influence on the results of upstroke velocity, slug size,
and casing pressure. According to their study, the model can be used in the research of a plunger
lift system, which provides a useful tool for system design and analysis.

Gupta et al. (2017) proposed a dynamic plunger lift model combining the fluid flow with
the motion of the plunger. It considered the opening and closing of the surface valve and the
plunger movement in the tubing string. Through a hybrid system model (HSM), the plunger lift
system became a unified framework to efficiently discrete events and continuous dynamics. In the
framework of HSM, the plunger lift process has been divided into six stages: plunger fall (gas),
plunger fall (liquid), buildup, plunger rise, slug arrival, after-flow. The plunger moved through a
10000 feet tubing string, pushed by the pressure and flow below it. This model can run multiple
cycles and evaluate the performance of the plunger. It quantitatively reproduces the typical
observation characteristics of a plunger lift system, as well as captures the uncertainty of reservoir

characteristics, wellbore, and production line through various model parameters and disturbances.



The model can be adjusted using standard surface measurements and reservoir performance
parameters.

Although many plunger lifting models have been introduced in the literature, there is no
universally validated model for the transient behavior of the gas, liquid, and plunger in the whole
process of plunger lifting. Due to the oversimplification or incomprehensiveness of the assumption
of plunger dynamics, the applicability of most existing models is questionable. This problem can
be solved and the dynamic plunger lift model can be improved by introducing better closure
relationships and making parametric studies to find the most suitable combination. The model
developed in this study uses less assumptions. It combines reservoir performance by using Vogel’s
Inflow Performance Relationship (IPR) to obtain the flow of fluids from the reservoir to the well-
bore. The present model also accounts for the modification of hydrocarbon mixture, which

provides more accurate and reasonable predictions of tubing pressure and casing pressure.
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CHAPTER 2

MODEL DEVELOPMENT

The plunger lift model proposed in this study comprises six different stages: plunger
upstroke, gas blowout, plunger fall-down, pressure buildup, gas flows above and below plunger.
The gas flow transient behavior in the tubing and reservoir performance is continuously modeled
in a complete plunger lift cycle. In the stage of pressure buildup, reservoir performance makes
contributions to restoring energy in the well bore. While in the plunger upstroke and fall-down
stages, the gas flow behavior and its effect are calculated to obtain the plunger movement. The
plunger lift simulation model is developed based on mass and momentum conservation equations
of gas, liquid, and plunger. Based on Gasbarri and Wiggins’s (2001) study, Zhu et al. (2017a,
2019f, and 2019j) applied several conservation momentum equations to the stages of plunger

upstrokes and gas flow behavior. The proposed model is futher improved in this study.

2.1 Model Description and Assumptions
Based on Gupta et al. (2017) modeling framework of plunger lift, 9 variables can be used
to describe the state of the plunger movement. Figure 2.1 (a) shows the schematic of the plunger

lift variables. In this schematic, mg_, my,,, m;, denote gas mass in the annulus, above tubing, and
below tubing, respectively. Similarly, m; , m;,,, m;,, represent liquid mass in the annulus, above

tubing, and below tubing, respectively. X,,, 1}, record plunger position and velocity in the tubing.
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In Figure 2.1 (b) and (c), intermediate variables are used to describe plunger movement

during the upstroke and blowout stages.
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Figure 2.1: Schematic of plunger lift variables, (a) state variables, (b) intermediate variables in
upstroke, (c) intermediate variables in blowout

Here, F,,;, F..s are the gas mass flow rate at the surface and from the reservoir,
respectively. P, P, P, represent the casing pressure, tubing pressure, and surface line pressure.
P,¢c and P, . denote the bottom hole pressure in casing and tubing. P,;, Py, in Figure 2 (b) are
the pressure above and below plunger, respectively. P, and P, are casing pressure and tubing
pressure at the well bottom.

The reservoir performance, which is also known as inflow performance relationship,
describes the relationship between the flow from the reservoir and the bottom hole pressure. Gas
and liquid can flow into tubing and annulus through perforations between reservoir and bottom-
hole. Because of the well completion, gas and liquid can flow only from annulus to tubing and

cannot flow in the opposite direction. In this study, the transient inflow performance relationship
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(IPR) of a gas reservoir is applied in the plunger lift model. The Rawlings and Schellhardt (1935)

model is chosen to describe the IPR of a gas well:

B
Q=A4-% (1)

where

)

(3)

205¢ (3r277) (50) (R~ )

Z N PeTN/1 1
) ) ) :
Pgsc 2m2h?) \TscZsc/ \Ry, R, ( )

where W is gas viscosity in cp, Z is gas compressibility, k is gas permeability in md, h is the pay
zone thickness in m, T is local temperature in K, Re is the radius of drainage area in m, Ry is the
radius of the wellbore in m, p is density in kg/m?3, subscript SC represents standard condition, and
subscript g represents gas phase.

Specifically, if Eqg. (2) is not a non-real number, Eq. (1) is reduced to

Q _ (Pez _P\/\%)
= 5
(BT 1o (Re) G

where Pe is reservoir pressure in Pa, Py is bottom pressure in Pa. For unsteady-state flow, gas mass
production rate is a function of reservoir pressure, well pressure, well temperature, gas

compressibility, reservoir permeability, pay zone thickness, well radius and oil viscosity. Thus,

0 (P2 = BD)
9= ] 6
(o) () 109 (225 ©)
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where C is the total compressibility in psit. Then, the inflow mass flow rates from the reservoir

can be obtained by:

F;]res = pg,SC ) Qg (7)
Ey

— Jres 8

Fires = GLR (8)

where GLR is the gas-liquid ratio, kg/kg.

2.2 Geothermal and Pressure Gradient

In this study, a linear geothermal relationship is used to correlate temperature versus depth:
aT
T, =T, +—=—A4H 9

Typically, the temperature gradient for a formation is around 30 K per 1 km. Subscripts 0
corresponds to surface, and x is the target formation depth. The static gas column pressure depends
on whether it is closed or not. For a specific gas column with a length Lg, the static pressure is

calculated as:
Ppottom = Ptop - e%ha (10)

where « is in a function of the average compressibility (Z) and temperature (T) in each subsection

of a well:

Myg
_Yg 11
a= (11)

In the gas flow out stage, the static pressure of the gas column needs to include the gas

expansion effect. From previous studies (Maggard et al., 2000; Maggard, 2001):
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Plgottom = PL“2 ' ez.aLtt + bZ ) q.éout(ez.alltt - 1) (12)
where Qgout is the gas blowout flow rate at the surface in sm®s and b? can be expressed as:

8
pr=—02 f (13)

m2a?d?

where d is the tubing inner diameter in m and fy is gas friction factor, which can be determined by

Churchill (1977) equations as below:

16
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A=2.4571In (Rle)°'9+0-27%) (14)
37530\°
B=( Re ) (15)
1/12
=2 G ) (1)

2.3 Fluid Properties

In order to calculate the integral of the pressure gradient, it is necessary to determine the
velocity, density, and viscosity of each phase. In addition, it is necessary to determine the surface
tension under different temperatures and pressures in some cases. When the fluid flows unsteadily
in the tubing and annulus, the temperature and pressure of the fluid also change continuously (Zhu
2019). Therefore, extremely active mass transfer occurs between the liquid and gas phases. When
the pressure is lower than the bubble point pressure, the gas escapes from the oil as the bottom
hole pressure decreases, thus increases the gas velocity, oil density, and viscosity. Compositional

model and black-oil model can be used to predict the changes of the flow rate and fluid properties
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to calculate the integral of the pressure gradient equation (Zhu et al. 2018d and 2018e). The black-
oil model assumes that the API gravity of the liquid phase, gas specific gravity, gas solubility, and
formation volume factor are fixed at certain temperature and pressure. Under this assumption, the
composition of oil and gas will not change with temperature and pressure. Assuming that the
composition is constant the model can be effective and accurate to predict the physical properties
of the liquid phase. However, there are errors and deviations in the gas phase properties prediction.
The obvious limitation of the black-oil model is the inability to predict retrograde condensation
phenomena. The black-oil model should be avoided for very volatile or light crude oil and gas

condensates. As a result, compositional models are recommended for these cases.

2.3.1 Flash Calculations

The equilibrium constant for component i:

Yi
K; ==
=5 (17)
The overall material balance is:
F=L+V (18)

where F is the number of moles of feed or mixture, L is the number of moles of liquid, V is the
number of moles of vapor.

Individual component balances are:

Zi = xiL + ylV (19)

where z; is the mole fraction of component i in feed, x; is the mole fraction of component i in

liquid, y; is mole fraction of component i in vapor.

16



When Eq. (17) is divided by F, it can be written as:

L_1 14
F F

(20)

In order to solve the mole fraction of liquid component i, Eq. (18) is solved for x;, and y;

and % are replaced by Eq. (17) and Eq. (20). As a result, Eq. (21) is given as:

|4 |4
_nF—yV zZi—yip L~ xKE

ML LT T

F F

Equation (21) can be re-written as:
Zj
X; = V
1+ 5K - 1)

Similarly, vapor mole fraction can be solved by using equilibrium definition as:

ziK;

Yi=xKi=—;
1+ 5K —1)

The sum of mole fractions is:

X; :Zyl =1.0

n n
i=1 i=1

Therefore,
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Equation (25) can be solved by the Second-order Newton convergence scheme. The
following parameters are required:
e Number of components, n
e Mole fraction of each component in the mixture, z;

e The equilibrium constant for each component, K;

e First guess for the mole ratio, (%) = 0.5
J

The ratio V/F can be improved by using Newton-Raphson method as:

(K) ::(K) __SfwE;
Fljva \FJj (L) (26)
d(V /F) i
where the derivative, —2_) can be obtained by differentiating Eq. (25) with respect to V/F:
av/P/;
n 2
< df ) _ _Z zi(Ki — 1) 2N
dV/IR; Gk -1 (f) +11
j

Convergence is achieved when:

<1.0%x107° (28)

- (),
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When V/F is converged, the composition of each phase can be determined by Eg. (22) and
Eq. (23). The procedure requires the value for K; at the pressure and temperature of interest. K

values can be determined from the equation of states (EOS)

2.3.2 Equilibrium Constant

For the ideal gases, the total system pressure in a confined system is equal to the summation
of the partial pressures (the pressure when the individual component exists alone in the system) of
each component (Dalton’s Law). Then, the total pressure in the system and the liquid component

are:

Pi (29)

=
Il
i

(30)

y; =2t
fop

The partial pressure of the i*" component in the vapor phase in the ideal solution is equal
to the product of mole fraction of the i*"* component in the liquid phase and the vapor pressure of
the pure i®" component (Raults’ Law). Therefore, the partial pressure of the component can be

written as:

Pi = XiDyi (31)

where p is total system pressure, p,,; is the vapor pressure of component i, p; is the partial pressure
of component i.

Combining Eq. (29) to (31), the equilibrium constant can be written as:
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Pvi Vi
K- = —_—= —
' p Xi (32)

However, K is a function of not only the pressure and temperature but also the composition
of the hydrocarbon phases for real gases. K values can be obtained using the equation of state

(EOS). The K values is estimated by Wilson’s correlation as:

_ Pci Tci
K; = ?exp{5.37(1 + w;) [1 - T]} (33)

where w is the acentric factor. For pure components, w can be calculated as:

w = —logpy,, (at T, = 0.7) — 1.0 (34)

2.3.3 Fugacity

In the plunger lift model calculation, it is unrealistic to use the ideal gas model. At local
pressure and temperature, the liquid mixture in the tubing and casing is in equilibrium with the
vapor mixture. The key parameters to determine the phase behavior are pressure, temperature, and
the components of the liquid phase and vapor phase. An important objective for flash calculation
is to determine the individual phase compositions, pressure and temperature at the computation
node, and the overall mixture composition. The equilibrium constants depend on all these
parameters, i.e., K=f (p, T, z;).

The equilibrium constant can be calculated by the thermodynamics of vapor-liquid
equilibrium. This equilibrium is related to the fugacity of each component. The mass transfer of
these components in each phase is zero when the fugacity of each component is equal. Thus the
thermodynamic equilibrium is achieved. According to thermodynamic vapor-liquid equilibrium,

the fugacities of every component i in each phase should be identified as:

20



i =ft (35)
where f is fugacity, superscript V and L are for vapor phase and liquid phase, respectively.

The fugacity of pure components can be calculated as:

Pz-1
f = pewpl | (—)dp] (3)

The ratio of the fugacity to the system pressure is called the fugacity coefficient ¢. At
equilibrium, the fugacity coefficient of component i in each phase is a function of the system

pressure, temperature, and phase composition. In mixtures, ¢ of any component is defined as:

f‘L
L _Ji 37
P (x;p) 7
fiV
v — 38
b (vip) (%)

where ¢7 is the fugacity coefficient of component i in the vapor phase and ¢F is the fugacity

coefficient of component i in the liquid phase. Therefore, the equilibrium constant K can be found

by:

Yi i
K. = — 39

2.3.4 Equation of State (EOS)
The fugacity coefficient of each component in each phase is defined by using equation of
state. EOS is an analytical expression of pressure, temperature and molar volume of fluids. A

generalized form for a cubic EOS is:
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RT a

= = 40
P=V b~ VZtubV + wh? (40)
Equation (40) can also be written as:
73— (1+B—-uB)Z?*+ (A+wB? —uB —uB?*)Z — AB—wB? —wB3 =0 (41)
where
ap
A= R272 (42)
bp
= — 43
B=— (43)

where p is the system pressure, Pa; T is system temperature, K; R is gas constant that is 2.49 MPa-
dm3/kg-mole, V is molar volume in dm3/mole, a is a measure of the intermolecular attractive
forces between the molecules, b is known as co-volume that represents the volume of molecules.
There are four well-known cubic EOS: van der Waals, Redlich-Kwong (RK), Soave-Redlich-
Kwong (SRK), and Peng-Robinson (PR). In the proposed plunger model, Peng-Robinson (PR)
EOS is selected. In Peng-Robinson EQS, u equals to 2 and w equals to -1. a and b are calculated
based on van der Waals’ observation, where the critical isotherm has a zero slope and an inflection

point at the critical point:

d

(@), = (44)
2

&y, =0 (45)

The Peng-Robinson (PR) Equation of State cubic equations are:
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Z} —(1—-B)Z{ + Z (A, — 2B, —3B}) — (A,B, — B} —B}) =0

Zy — (1= By)Z§ + Zy(Ay — 2By — 3Bj) — (AyBy — By —Bj) =0

(46)

(47)

where Z,; represents the liquid-phase compressibility factor and Z;, represents the vapor-phase

compressibility factor.

The fugacity coefficients for Peng-Robinson (PR) Equation of State are:

gt =(3) @-v - -8 -FR(E) - (3) ma+ 2

gt = () @ --m@-8)-F2(%) - () ma+3h

By a’y
where
(ﬁ)o's _ @°Ta/pg’
a’y X a) T /pe®
(ﬂ>°'5 _ a) T /p%>
a’y iy a T/
by, Teu/pe
(E)L TN X T /D
i=1xi ci/pci
by, Tei/bci
(E)V Y T /D
i=1Yi Tei/Dei
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(50)

(51)

(52)

(53)
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n
p
B, =G, TZ X Tei [Dei (56)
im1

n
p
By =Gy ?Z Vi Tei/Pei (57)
=1
a; = [1+5(1 - Tg?))? (58)

where C, is equal to 0.45724, C}, is equal to 0.07780 and:
S; = 0.37464 + 1.5422w; — 0.26992w? (59)

The equilibrium constant (K) can be calculated by Eq. (39)

2.3.5 Solution Procedure

Z factor equations are third-degree polynomial equations. The compressibility factor Z
yields a single real root for the single-phase region. In the two-phase region, Z yields the largest
root corresponds to the vapor phase z, and the smallest root corresponds to the liquid phase z;. Z
factors used in the fugacity coefficient for each phase are composition dependent, which makes
the equilibrium constants also composition dependent. The following is the solution procedure to

calculate equilibrium constants.

=

Inputs include: p, T and the overall composition z; for each component.

N

Estimate K; i values for each component using Wilson’s equation.

3. Based on K; ; and the known z; values, perform flash calculations.

4. Determine the fugacity coefficients of each component in each phase using appropriate
EOS.

5. Calculate K; - values for each component using fugacity coefficient ratios (Eq. (39)).
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6. Compare equilibrium constants in Step 2 with the calculated values in Step 5 using the

following convergence criteria:
=K

z[;c 12 <e (60)

o Kir
where ¢ is the pre-assigned convergence tolerance (< 107%) and n is the number of
components in the system.

7. If the criterion in Step 6 is not satisfied, the calculated values are used as the new
guesses and Steps 3-6 are repeated until convergence.

Based on the Peng-Robinson (PR) flash model, the calculation flow chart for equilibrium

constants Z factor calculation is shown in Figure 2.2.

Read feed Composition,z; and
properties of each component (P, T,, w, M) and P, T

ITER=0
Estimate K; g values Eq. (33)
Determine V/F from Trial & error Kig=K; ¢
procedure using Eq. (24)-(27) Foralli
l A
Calculate the following:
x;, Eq. (22)
¥i, Eq.(23) ITER=ITER+1
Ay v, Eq.(54)-(55)
By, Eq.(56)-(57)
l N Warning,
Determine, z;, z,, from appropriate Stop Calculation
roots of EOS
Calculate the following:
¢F, Eq. (48) = Convergence R Print Final
¢>}’, Eq.(49) 4 Check Results
K; ¢, Eq.(39)

Figure 2.2: Flow chart to calculate equilibrium constants Z factor
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2.3.6 Fluid Properties Correlations

The vapor phase and liquid densities can be calculated by:

p Xizq ViM;
Lt Rl 62

where M; is the molecular weight of the i*"* component. At the bubble point curve, z; ~ x;. Then

the liquid phase component mole fraction can be calculated as:

Yi = ziK; (63)
n n
Zyl' = ZZiKi =1 (64)
i=1 i=1

The procedure to calculate the bubble point is:

1. Guess a bubble point pressure using:

n
. T..
1= z Z; &exp{5.37(1 + w;) [1 — %]} (65)
= P
n T '
Py = zipaexp(537(1 +wp [1 -]y (69)
i=1

2. Determine K values by EOS

3. Check the above criterion

4. Continue the iteration until the convergence:

If Eq. (67) is satisfied, the assumed bubble pressure is high and the next guess must be a

lower pressure.
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n

z ziK; <1 (67)

i=1
On the contrary, if Eq. (68) is satisfied, the assumed bubble pressure is low and the next

guess must be a higher pressure.

n

Z 2K > 1 (68)

i=1

At the Dew point, where L=0 and V=F, and z; = y;. Equation (23) reduces to:

Z.
X; = ? (69)
n n
Z.
X; = Z ! (70)
i=1 i=1

The procedure to calculate the dew point is:

1. Guess a dew point pressure using

1
Pa =3, Z (71)
Zi:l Tci
Paexp(537(1+wy) [1-f])
2. Determine K values using an EOS

3. Check the above criterion

4. Continue the iteration until the convergence. If Eq. (72) is satisfied,

n

Zﬁ > 1 (72)
(i K;

=1

the assumed dew pressure is higher andthe next guess must be a lower pressure. If the following

equation satisfied,
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n

2.

i=1

Zj
<1 (73)
i

=

the assumed bubble pressure is lower and the next guess must be a higher pressure.
The additional calculations can then be made for liquid density p;, liquid viscosity u;, gas
viscosity u, and liquid surface tension ;. Hankinson and Thomson (1979) correlation is used for

liquid density p;. The Bray and Clark (1964) correlation is used to compute liquid viscosity u; .
Lee et al. (1975) correlation is used to calculate gas viscosity. Finally, the liquid surface tension

can be calculated by Weinaugz and Katz (1943) correlation.

2.4 Load Factor

Before the surface valve opens, it is extremely important to check whether the casing
pressure is high enough and other well conditions such as liquid loading in order to optimize the
production. First, the well needs to be clean. If there is too much liquid at the bottom, the well
needs to be shut-in for a few days to allow building enough pressure, which can help push the
liquid to the surface.

The Load Factor can be used to check whether the well is ready to be opened. The surface
valve can be opened and the plunger will be shot from the tubing shoe only after the Load Factor
condition is satisfied. This procedure can be operated automatically or manually. The definition of

the Load Factor is:

Shut-in Casing Pressure — Shut- in Tubing Pressure
Load Factor = 100 X

73
Shut — in Casing Pressure — Line Pressure (73)
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If Load Factor is less than 50%, the surface valve will be opened and the plunger can be
shot from the bottom of the tubing.

It is necessary to wait until the well pressure meets the initial Load Factor requirements. If
the valve opens too early, the well can not have sufficient energy to unload the accumulated liquid
in the wellbore. Therefore, it is important for the well to buildup enough pressure before the
production. If time permits, the shut-in should be allowed to proceed until the pressure is enough
to ensure the first plunger lift cycle to be accomplished.

A common mistake is to open the valve longer than the requirement. When the casing
pressure drops too low, the valve needs to be closed and the well should be shut-in to build up
pressure. Whether the plunger can be lifted to the surface and unload the liquid effectively is an
important criterion to determine if the well has accumulated enough energy.

In the shut-in stage of a plunger lift cycle, it is desirable to vent the gas above the liquid in
the tubing to obtain a lower pressure to create higher differential pressure between plunger and
slug, which helps remove the liquid and push the plunger to the surface. At the same time, shut-in
should be maintained until enough pressure is built up. If the shut-in time is too short, the well can
be killed by the liquid loading. The aim of using the Load Factor is to ensure that the well will not

be killed by less enough shut-in time.

2.5 Upstroke
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Figure 2.3: Plunger, liquid slug, and gas sections below and above plunger
The flow from tubing to the annulus and from the wellbore to the reservoir is assumed to

be zero at the well bottom. Thus:

Féann = Féres - Fétub (74)
Flann = Flres - Fltub (75)

where subscripts ann, res, tub correspond to the annulus, reservoir, and tubing. The flow rate is

positive if the fluid flows into that section.

When the surface control valve opens, the gas section above the slug has an outflow rate

Qgout, Which can be determined by the standard valve equation as:

Cv'Pt PtZZPl
qgout_{ (76)

2C,\/(Pe —P)P, P, <P <2P

where P is the surface production line pressure (Pa), and Cy is the valve coefficient. According to

Eq. (12), the static pressure in the gas column above the plunger can be obtained through:
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~ Z,RT
= M9u A (H =X, — LM,

P; (77)

Pgt — Ptz . eZ-a(H—Xp—Ltt) + b2 . qéout(ez-a(H—Xp—Ltt) _ 1) (78)

where Ly is the liquid slug length above the plunger.

In the plunger upstroke stage, constant density is used in the momentum equations that are
applied to single-phase liquid based on Lea (1982) model. The control volume in the moving
system is assumed constant when the plunger and slug travel in the tubing. The acceleration of the
slug can be obtained from the momentum equations. Figure 2.4 shows the forces acting on the slug

and plunger in the tubing.

pZ‘A tubing

l

Slug

P frr’cA tubing

l

i
[
|

pIAmbmg
Figure 2.4: Force balance of plunger upstroke (plunger and slug in tubing)

Gasbarri and Wiggins (2001) developed an upstroke model for plunger lift, which has been
applied in this study to describe plunger upward movement and gas behavior. When the plunger
moves upward and the slug is far from the wellhead, the slug acceleration can be solved by the

momentum equation in the vertical direction based on the force balance on the control volume as:
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aa_V: _ (Ppb :npp-tl_:npfric)At —g (79)
p let

where Vp, is the plunger velocity, mp is the plunger mass, Prric is the fiction pressure added to the

liquid slug, which can be obtained by:
1 L
Prric = zplv}; f(d_t (80)

where f is the friction factor and can be calculated through Churchill correlation in Eq. (14).
Below the plunger, the reservoir fluid flows into tubing and annulus according to Egs. (17)
and (18). The bottom-hole pressure in both tubing (Pwf) and annulus (Pwta) should be equal. Pus

in the tubing is calculated by the following equations:

Z.RT

Prb =Moo 4, (X, — LM, (&
Py = Ppp + X FKpLer) (82)
Pyre = Dep + LenPLg (83)

Similarly, Puta in the annulus is calculated as:
P =mg, - (HZC_RLT S (84)

a a)Mg

P, = P.-e*H-La) (85)
Pywga = Pep + LaprLyg (86)

Since Put equals to Puta, the liquid flow rate from the reservoir to annulus Fiann can be

solved.
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No gas is above the plunger when the slug arrives at the surface. Therefore:

d

Mg =0 (87)

At the same time, the liquid slug starts to produce liquid at the flow rate Fiout:
Fi = VoArpr (88)

Thus, the mass change of liquid slug above the plunger with time due to flow out of tubing

can be calculated as:

— My = (89)

dt

_Flout

2.6 Gas Blowout

The gas blowout stage represents gas production when the wellhead valve is opened for a
certain time after the plunger arrives to surface. In this stage, fluid is produced from the reservoir
and liquid loads up at the well bottom. When the gas production is less than the required rate due
to the loaded liquid, the valve needs to be closed and the blowout stage is completed. In this study,
only single-phase gas flow is considered to simplify the calculation. Thus, the gas/liquid mass in

the tubing changes due to the bottom inflow and surface outflow as:

Emgtb = F:Qtub - P:Qout (90)
d
amltb = Fla, (1)

The hydrostatic pressure of the gas column in the tubing is calculated by:
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Z.RT

P, =
= M9 (H— Lyp)M,

(92)

PZ = P? - e2aH-Lw) 4 b2 . g2 (gZalti=Luw) _ 1) (94)

2.7 Plunger Down-Stroke

In the plunger downstroke stage, the plunger moves downward from wellhead to the
bottom after the gas blowout stage. The plunger falls once the gas blowout is finished. Due to the
liquid accumulation at the bottom of the well, the plunger downstroke movement can be divided
into two parts: travels in the gas phase and liquid phase. Therefore, the plunger accelerations in
these two fluids must be formulated separately.

Generally, constant plunger falling velocities were used in previous plunger lift models.
Gasbarri and Wiggins’s (2001) model assumed the plunger falling velocity to be 1000 ft/min in
the gas phase and 175 ft/min in the liquid phase. Nadkrynechny et al. (2013) proposed a detailed
orifice-flow-based model, which indicates that the plunger reaches the terminal velocity quickly
and falls at constant velocity thereafter until arriving at the bottom of the well. As can be seen in
Figure 2.5, it shows the schematic of the plunger downstroke movement. The forces (gravity force
and drag force) acting on the plunger are used to obtain plunger falling acceleration. Thus, if the

plunger falls at a constant velocity, the gravity equals to drag force. Then, the plunger falling

A, |2M, -
szi._l’ Mg (95)
[pq At At

where q is g or | for plunger falling in gas or liquid column. Cq is the drag coefficient.

velocity is given by:
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Figure 2.5: Force balance for plunger downstroke

As pointed out by Nadkrynechny et al. (2013), the plunger falling process is less important
than plunger upstroke, since the flow of fluids into the wellbore are not affected by plunger fall

dynamics. Thus, the static pressure in tubing and annulus can be obtained by:

P = (m +m ) . ZtRT . ea(H_Ltb) (96)
N9 T A (H = Ley)M,

Z.RT

P =
> = Mga g (H— LM,

. e@(H=La) (97)

Substituting Egs. (38) and (39) into Egs. (26) and (29), respectively, and recalling Pwi =Pufa,
the liquid that flows into tubing and annulus can be calculated. Especially, when the plunger falls
into the tubing liquid column, the gas mass (mgt) below plunger is zero. Thus, the liquid mass

change above and below plunger can be obtained by:
my,, = F., — VopiAe (98)

mltt = VpplAt (99)
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2.8 Buildup
The energy buildup stage and reservoir performance are combined in the model. A seat at
the bottom of the well is used to host the plunger. The energy buildup stage describes the
accumulation of reservoir energy under the plunger seat at well bottom when the plunger is locked
on it. When the reservoir energy (pressure) reaches a certain level, the seat locker will open and
the plunger will start to travel upward again. In this stage, the plunger sits still, and the system has
no moving part. The reservoir fluid enters both annulus and tubing. The static pressure can be

calculated from the aforementioned equations.
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CHAPTER 3

OLGA SIMULATION

The commercial software OLGA is widely used in literatures to validate the proposed
model (Zhu et al., 2017b, 2018a, 2018b, 2019i, and 2019j). In this section, the plunger lift system

is numerically studied using a commercial dynamic multiphase flow simulator (OLGA).

3.1 Well Trajectory and Geometries

Figure 3.1 shows the well trajectory corresponding with the well details, including the inner
and outer diameters of the tubing and casing, reservoir position, etc. The well is a vertical well and
its depth is around 3000 m (10000 ft). The parameters of the wellbore geometry are shown in Table
3.1. It should be noticed that a standing valve is positioned at the end of the vertical section of the
tubing to prohibit the plunger from falling back into the wellbore or annulus. In reality, the plunger
sits on top of the bumper spring after it falls back from the wellhead. The plunger parameters are
shown in

Table 3.2.

Table 3.1: Wellbore geometrical parameters

Parameter Value Unit
Well depth 3000 m
Tubing ID 5.067 cm
Tubing OD 6.668 cm
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Casing ID 12.319 cm

Absolute roughness 6.35E-04 cm

Table 3.2: Plunger geometrical parameters

Parameter Value Unit
Plunger mass 5 kg
Plunger length 0.4 m
Plunger diameter 4.826 cm
Plunger drag coefficient 0.457 -
pen "

= 38" 471 bs/R
“"" ICheckvalve

Observation1
. |Reservoirl

2900m|
299976 m
3000 m

en hole
5/8~ 53.70 lbs/ft

Figure 3.1: Well geometries
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3.2 OLGA Simulation Inputs
The reservoir studied in OLGA simulation is the same as the one used in the proposed
model. The backpressure method is incorporated to describe reservoir flow rates. The following

IPR equation is used in gas wells:

q = C(k —pwp)" (100)
where C is defined by:
(0.703kh)™
¢= T (100)
(TyZ)*D*="[In (i) —0.75 + s]2n-1
Table 3.3 shows the input parameters for the reservoir model.
Table 3.3: Reservoir properties
Pr (Pa) Tr (C) C n CGR WGR
((scf/d)/psi) (Sm3/Sm3) (Sm3/Sm3)
6000000 100 0.95 1 Table 0

The fluid was generated by the PVTsim Nova 4. In order to compare different gas
properties, two different gas mixtures were generated using PV Tsim Nova 4. One is light gas with
93% of methane, the other is relatively heavy gas containing only 61% methane and more heavier

components (6.85% Heptane+).

Table 3.4 and Table 3.5 show the two types of fluids.
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Table 3.4: Composition of light gas for OLGA

Component Mol % Molecular Critical Critical Normal Th
Weight Temperature Pressure (©)
(©€) (MPa)
N2 0.130 28.014 -146.950 33.94 -195.750
CO2 0.180 44.010 31.050 73.76 -78.500
Cl 93.000 16.043 -82.550 46.00 -161.550
C2 6.690 30.070 32.250 48.84 -88.550
Table 3.5: Composition of heavy gas for OLGA

Component Mol % Mol Wt

CO2 0.18 44.010

C1 61.920 16.043

C2 14.080 30.070

C3 8.350 44.097

iC4 0.970 58.124

nC4 3.410 58.124

iIC5 0.840 72.151

nC5 1.480 72.151

C6 1.790 86.178

C7+ 6.850 143.000
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The phase envelop generated by PVTsim is shown in Figure 3.2 and Figure 3.3. Compared
to the heavy gas, the phase envelope of the light gas shifts to the left-hand-side, which indicates
that limited gas condensation is formed during the plunger cycles. On the other hand, the phase
envelope of the heavy gas is shifted to the right, which proves the existence of liquid and gas

condensation.
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Figure 3.2: Phase envelop of the light gas
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Figure 3.3: Phase envelop of the heavy gas

3.3 Schematic Representation of the Dynamic Plunger Lift Model in OLGA

The surface flow line and control valves along with the control schematics are considered
in the dynamic simulation. As shown in Figure 3.4, both the motor valve and plunger activationsare
setup with required time intervals in OLGA. For motor valve control, the time-series data in terms
of open and close with time are given in the valve control configuration. As for the plunger, the
launch time is required to simulate the plunger lift cycle. Furthermore, valve control and plunger
control schematics should conform to perform successful simulations. In this simulation, the valve
open time is 1 second earlier than the plunger launch time to ensure that the simulation runs
successfully. The downstream surface line, valve, and separator are also incorporated in OLGA,
but not in the proposed plunger lift model. According to the properly assumed boundary conditions,

the length of the surface line, and the opening of the surface valve can be calculated.
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Figure 3.4: Schematic representation of the dynamic plunger lift model in OLGA
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CHAPTER 4

SIMULATION RESULTS AND DISCUSSIONS

4.1 Plunger Lift Model Simulation for Single Cycle

Light gas with 93% methane mentioned in the previous section is used in the proposed
model. All the parameters of the wellbore geometry, plunger, and reservoir are the same as the
vertical well mentioned above. The initial casing pressure is 1.62 MPa and tubing pressure is 1.5
MPa. The line pressure is 1.1 MPa, which is the atmospheric pressure.

The calculation results from the proposed plunger lift model are presented and discussed
in this section. The plunger lift model prediction includes pressure, plunger velocity, plunger
acceleration, water heading, and gas production. When the valve opens, the simulation begins and
the plunger is launched from the bottom of the well. The calculation time is 1600 seconds, which

is a single plunger lift cycle.

4.1.1 Plunger Acceleration in Single Plunger Lift Cycle

Figure 4.1 presents the plunger acceleration in a single plunger cycle. As can be seen, at
the very beginning, the plunger is pushed by the pressure below and accelerates sharply. However,
the acceleration curve is not smooth. Both positive and negative values can be observed in the
figure, which shows that the plunger can not only be accelerated but also decelerated due to the
drag force from the slug and tubing wall. With the increase of the tubing roughness, the plunger

can be decelerated obviously, which leads to a longer plunger movement time. Moreover, another

44



abrupt increase of the plunger acceleration occurs when the slug arrives at the surface due to the

discharge of the liquid.

Plunger acceleration

]

b=

Acceleration (m/s2)

=]

_1 [ [ 1 [ [ 1 [
0 200 400 600 800 1000 1200 1400 1600
time (s)

Figure 4.1: Plunger acceleration in single plunger lift cycle

4.1.2 Plunger Velocity in a Single Plunger Lift Cycle

Figure 4.2 shows the plunger velocity in a single plunger lift cycle. The plunger moves
upward with a positive velocity and downward with a negative one. The plunger moves upward
with a positive acceleration when the valve opens and its velocity increases sharply. After a few
seconds, the plunger begins to decelerate due to the drag force. When a second peak appears, the
plunger arrives at the surface and the slug is discharged from the tubing. Since the length of the
liquid slug is much less than the wellbore depth, the acceleration period is very short. After the

slug is discharged from the tubing, the plunger is caught by the lubricator and remains at the top
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of tubing due to the high gas pressure in the tubing. During the gas blowout stage, the velocity of
the plunger keeps zero. When the gas flow rate is not enough, the valve closes and the plunger
drops to the bottom. The velocity changes smoothly due to the change of the gas and liquid
densities. Equation (95) indicates that the plunger falls faster in gas phase due to a low density. At

last, the plunger drops to the bottom of the tubing and sits on the bumper string.

15
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Figure 4.2: Plunger velocity in single plunger lift cycle

4.1.3 Production Rate in Single Plunger Lift Cycle

Figure 4.3 illustrates the gas production rate in a single plunger lift cycle. When the surface
valve opens, the gas production rate surges to a very high level (2300 dm?). After a few seconds,
it decreases to a relative low level (500 dm?). Since the fluid communication through the plunger
is blocked by the liquid slug, the gas production rate decreases gradually when the plunger moves
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upward. When the plunger arrives at the surface, another peak of gas production occurs since the
slug is discharged and the gas below the plunger blows out. Later on, the gas production rate

decreases to zero after the surface valve closes.
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Figure 4.3: Production rate in single plunger lift cycle

4.1.4 Pressure in Single Plunger Lift Cycle

Figure 4.4 shows the tubing, casing, bottom hole and surface line pressure change versus
time. The boundary condition shown by the red line is the surface line pressure, which equals to
the atmospheric pressure. Both bottom hole pressure and casing pressure, which have a similar
trend, decrease when the surface valve opens and increase when it closes. Tubing pressure drops
quickly at the beginning when the surface valve opens. Then, a small peak of the tubing pressure
occurs around 500 s, rising from 1.1 MPa to 1.2 MPa, when liquid slug reaches the surface. It
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drops to the same value as the flow line pressure during the gas blowout stage. The build-up stage

starts when the surface valve closes, after which the tubing pressure increases gradually.

2.6
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Figure 4.4: Pressure in single plunger lift cycle

4.1.5 Liquid Level in Single Plunger Lift Cycle

Figure 4.5 presents the liquid level in a single plunger lift cycle. Initially, the difference
between the liquid levels of tubing and annulus is relatively small since the tubing pressure is close
to that of the casing. When the plunger moves upward, the tubing pressure drops quickly while
casing pressure is kept at 1.6 MPa. As a result, the liquid level difference increases rapidly. Later
on, the plunger drops back to the bumper string and the build-up stage begins after the surface

valve closes. Then, the liquid level in the tubing decreases gradually. As can be seen in Figure 4.5,
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the tubing always has a longer liquid column in a plunger lift cycle, which shows an efficient liquid

unloading process.

80 | Annulus

Tubing

0 l 1 1 1 1 1 1 1
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Figure 4.5: Liquid level in single plunger lift cycle

4.2 Abnormal Cases of the Plunger Lift Model
Success in plunger lift systems depends on proper candidate identification, proper well
installation, and the effectiveness of the operator, all of which can contribute to the plunger lift
problems. In this section, specific parameters will be applied to the mechanistic models or dynamic
simulators to simulate anomalous patterns and failure events. Two examples of plunger lift
anomalies are presented, including insufficient build-up time and liquid loading caused by a high

water-gas ratio (WGR).
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4.2.1 Insufficient Build-up Time

As the surface valve closes and plunger falls back to the bumper string, the gas blowout
stage ends, and the tubing pressure reaches the minimum. After the build-up stage, the wellbore
achieves enough pressure and energy to push the plunger and liquid slug to the surface. However,
if the build-up time is too short that cannot supply enough tubing pressure, the plunger will stop
during the ascent and fall back to the bottom of the well. Then, the liquid slug cannot be discharged
in this plunger lift cycle. As shown in Figure 4.6, the well is closed at 600 s and reopened at 1200
s after the first plunger lift cycle. The tubing pressure only reached 1.4 MPa. Figure 4.7 shows that
there is no second peak of gas production rate in the second plunger lift cycle, which indicates that
the plunger fails to push the liquid slug to the surface. Figure 4.8 shows that there is still a 30 m
liquid column that stays in the tubing when the valve is opened at 1200 s, which indicates that the
tubing does not have enough energy to push the liquid slug to the surface. When the plunger reachs
the bumper spring, the tubing pressure sharply increases to over 1.3 MPa since the liquid slug falls

back with the plunger.
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Figure 4.6: Pressure in multiple plunger lift cycles for insufficient build-up time
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Figure 4.7: Production in multiple plunger lift cycles for insufficient build-up time
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Figure 4.8: Liquid level in multiple plunger lift cycles for insufficient build-up time

4.2.2 Liquid Loading Caused by High Water Gas Ratio (WGR)

Liquid loading in a gas well is the inability of the produced gas to lift the produced liquids
from the wellbore. Under this condition, produced liquid accumulates in the wellbore leading to a
reduced production rate till the well can no longer produce. With the liquid level increase in the
gas well as shown in Figure 4.10, the difference between casing pressure and tubing pressure

becomes larger in Figure 4.9.
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Figure 4.9: Pressure in multiple plunger lift cycles for liquid loading
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Figure 4.10: Liquid level in multiple plunger lift cycles for liquid loading
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4.3 Comparisons between Compositional Model and Black-Oil Model
Fluid properties can be calculated with the compositional model and black-oil model.
Applying different models can achieve different results. The compositional model is recommended
for light oils, condensates, and natural gas, while the black-oil model is suggested for non-volatile
oils since it assumes that the composition of the oil and gas do not change with pressure and
temperature. In this section, two methods are compared and analyzed for different gas mixtures

using the new model and OLGA simulation.

4.3.1 Light Gas Case

Table 4.1: The composition for light gas

Component Mol %
N2 0.13
CO2 0.18
C1 93.00
C2 6.69

As shown in Table 4.1, the light gas is the same as that used in Section 3.2 OLGA
simulation. According to the gas composition, the relative gas density of the black-oil model is 0.6.
A slight difference can be captured using the compositional model and black-oil model in Figure
4.11. Since the plunger is not sealed by a liquid slug in the valve opening stage, there is no
difference between the two models. When the surface valve is closed, the tubing pressure

calculated by the compositional model is slightly lower than that by the black-oil model.
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Figure 4.11: Tubing pressure of the compositional model and black-oil model for light gas
Figure 4.12 shows the casing pressures using the compositional model and black-oil model.
When the slug is discharged from the tubing string, the casing pressure of the compositional model
is slightly higher than that of the black-oil model, which agrees with the less produced gas by the
black-oil model shown in Figure 4.13. The difference in the pressure is only 0.008 MPa, 0.5% of

the casing pressure. Therefore, the results of the compositional model and black-oil model are

similar when all of the gas components are in the vapor phase.
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Figure 4.12: Casing pressure of the compositional model and black-oil model for light gas
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Figure 4.13: Gas production of the compositional model and black-oil model for light gas
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Since the casing pressure is above the bubble point, oil and gas phases maintain a fixed-
composition throughout the process simulated in the reservoir. As a result, the black-oil model is
valid throughout the simulation. Under similar conditions, all the properties are a function of

pressure and the compositional model can be replaced by the black-oil model.

4.3.2 Gas-Condensate Case

Similarly, the gas listed in Table 4.2 has the same composition as the heavy gas used in
OLGA simulation, in which some heavy gas components are included. The pressure and gas
production rate of the plunger lift model using the compositional model and black-oil model are

presented in this section.

Table 4.2: The composition for heavy gas

Component Mol %
CO2 0.18
C1 61.92
C2 14.08
C3 8.35
iC4 0.97
nC4 341
iC5 0.84
nC5 1.48
C6 1.79
C7+ 6.85

57



The specific gravity of the black-oil model is 1.2, which is the same as that from the
compositional model. Different from the light gas, the results of the compositional model and
black-oil model show an obvious difference in casing pressure and gas production. As shown in
Figure 4.14, the compositional model and black-oil model shows a similar trend and values in
tubing pressure. However, Figure 4.15 shows a different trend when the surface valve opens. At
150 s, casing pressure calculated by the compositional model drops much more quickly than that
by the black-oil model. The maximum difference of casing pressure between the compositional
model and black-oil model is 0.04 MPa, which is 2.5% of the total casing pressure. Moreover, the
plunger velocity of the compositional model is faster than that of the black-oil model. As shown
in Figure 4.16, the second peak of the gas production for the compositional model is more than a

hundred seconds earlier.
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Figure 4.14: Tubing pressure of the compositional model and black-oil model for heavy gas
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Figure 4.15: Casing pressure of the compositional model and black-oil model for heavy oil
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Figure 4.16: Gas production of the compositional model and black-oil model for heavy gas
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4.4 OLGA Simulation Results
In this section, the OLGA simulation results are presented and compared to those
calculated by the new model of this study. Fluid properties and wellbore geometry are given in

Chapter 3. Light gas and gas condensate simulations are conducted.

4.4.1 Light Gas Case

As shown in Figure 4.17, the change of the tubing pressure has a similar trend between
OLGA simulation and the new plunger lift model. For the casing pressure, Figure 4.18 shows a
different trend between the OLGA model and the new plunger lift model simulation. That is due
to the blockage of a plunger, where the liquid slug stops the communication of fluids through the
plunger. In reality, the liquid slug leaks though the clearance between the plunger and tubing wall.

The pressure drops from the two simulations are close, about 0.08 MPa.
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Figure 4.17: Tubing pressures of OLGA and new plunger lift model simulations for light gas
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Figure 4.18: Casing pressures of OLGA and new plunger lift model simulations for light gas

Compared to OLGA simulation for light gas, both the black-oil model and compositional
model can make a good prediction by the new model. However, more details need to be included
in the future work, for example, the liquid leakage through the plunger. Considering the

computational cost, the black-oil model is recommended for light gas cases.

4.4.2 Gas Condensate Case

Figure 4.19 shows the tubing pressures calculated by the OLGA model and the new model,
respectively. As shown in Figure 4.20, the casing pressure drop of the OLGA simulation is
different from that calculated by the black-oil model using the new simulator. The pressure drop
of OLGA simulation is about 0.1 MPa, larger than that of the black-oil model (0.07 MPa). On the
contrary, the pressure drop calculated by the compositional model has a similar trend with that of
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OLGA simulation since the gas composition changes throughout the plunger lift cycle. Therefore,

it is recommended to use the compositional model for a heavy gas simulation.
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Figure 4.19: Tubing pressures of OLGA and new plunger lift model simulations for gas
condensate
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Figure 4.20: Casing pressures of OLGA and new plunger lift model simulations for gas
condensate

For a heavy gas mixture, the fixed gas and oil compositions in the black-oil model is no
longer valid. In reservoirs that contain light oil, for example, gas condensate and volatile oils, the
fluid properties and vapor/liquid equilibrium depend on fluid composition, pressure, and
temperature. More complex fluid behavior requires all hydrocarbon phases to be considered as
mixtures of normal components. Therefore, the "composition simulation™ equilibrium flash
calculation using K value or EOS must be incorporated. Many condensate fluids exhibit retrograde
condensation, which occurs along with the pressure reduction. This abnormal behavior can be
observed within the two-phase envelope between the critical point. As a result, the phase behavior
can only be calculated through a variable compositional model for volatile oils and condensate

fluids.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

The following conclusions are made after analyzing and comparing the new plunger lift

model predictions with OLGA simulations:

1. The new plunger lift model for the liquid unloading process is developed based on
Gasbarri and Wiggins’s (2001) dynamic model and Gupta et al. (2017) plunger lift
modeling framework.

2. Comparing to previous models, plunger velocity equations, reservoir performances,
and a flash model are incorporated into the new model, which provides more accurate
and reasonable predictions.

3. Instead of using the constant plunger falling velocities in the tubing, the new model
calculates plunger falling velocity in the downstroke phase based on plunger gravity
and drag force.

4. The presented model restricts the unreasonable prediction of gas flow rate above the
plunger in the upstroke phase within the gas flow rate corresponding to the local sound
speed.

5. According to the predictions by OLGA and the new model, the phase behavior of
volatile oils and condensate fluids can be accurately calculated by a variable
composition model. Considering the computational cost, the black-oil model is more

suitable for dry gas.
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5.2 Recommendations

1. Liquid leakage through the clearance between the plunger and tubing wall, liquid slug
discharge dynamics, and the multiphase flow behavior below the plunger needs to be
included in the future work.

2. More complex well trajectory, especially deviated well trajectory needs to be included
in the new plunger lift model.

3. Inthisstudy, the equations of state (EOS) of the compositional model is Peng-Robinson
(PR). Other EOS models including but not limited to van der Waals, Redich-Kwong

(RK), Soave-Redlich-Kwong (SRK) may be incorporated for different cases.
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NOMENCLATURE

A area, m? or constant number

a acceleration, m/s?

B constant

b denotation

C constant

Cres reservoir flow constant

Cv flow coefficient, kg/s-Pa %>

Cq drag coefficient

Dord diameter, m

F mass flow rate, kg/s

g gravitational acceleration, m/s?
GLR gas-liquid ratio, m%/ m?

H depth, m

L length, m

M molecular weight, kg/mol

m mass, kg

P pressure, Pa

q volumetric flow rate, m®s

R gas constant, J/mol/K or radius, m
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Re

w
z

Greek Letters

p

u

Subscripts
1
2

aorann

out

res

Reynolds number
temperature, K
time, s

velocity, m/s
weight, kg

compressibility

denotation
wall roughness, m
density, kg/m®

viscosity, Pa-s

control volume in

control volume out

annulus
bottom
casing
friction

gas

liquid or production line

out
plunger

reservoir

67



S

SC or std

t or tub

tt

tb

w

wf

slug

standard condition
top or tubing
tubing top

tubing bottom
wellbore

well flowing
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APPENDIX A

GLOBAL PARAMETERS AND INITIAL VALUES

The flow conditions and initial guess values used in the simulation by the new model are

shown below.
Table A.1: Global parameters and initial values
Parameter | Initial value Unit Explanation
T 3.14159 - pi
g 9.81 m/s? Gravitational acceleration
R 8.314 J/mol-K Constant for ideal gas
Ma 0.02897 kg/mol Air molecular weight
Mp 5 kg Plunger mass
Lp 0.4 m Plunger length
Dp 1.9x0.0254 m Plunger diameter
Cq 0.1019 - Plunger falling drag coefficient
Ap nD; /4 m? Plunger cross-sectional area
H 3048 m Well depth
Dii 1.995x0.0254 m Tubing ID
Dto 2.125%0.0254 m Tubing OD
Da 4.85%0.0254 m Casing ID
e 2.5e-4 m Absolute roughness
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At (D% — Df) /4 m Tubing cross-sectional area
Aa n(DZ — D3) /4 m? Casing cross-sectional area
Pres 5e6 Pa Reservoir pressure

Cres 2.58e-15 - Reservoir inflow IPR

Fgout 0 kals Surface gas mass flow rate
Fiout 0 kals Surface liquid mass flow rate
Fgres 0 kals Gas flow from reservoir
Fires 0 kals Liquid flow from reservoir
Fgtub 0 kals Gas flow into tubing

Fitub 0 kals Liquid flow into tubing
Fgam 0 kals Gas flow into annulus

Fiann 0 kals Liquid flow into annulus

n 1 - Reservoir inflow index
GLR 5 ka/kg Gas liquid ratio

Tyrd 0.03 K/m Formation temperature gradient
SGi 1.06 - Specific gravity for liquid
SGy 0.64 - Specific gravity for gas

Mg 7g - Ma kg/mol Gas molecular weight

Cv 0.5e-7 - Coefficient of motor valve
Twh 288 K Wellhead temperature

Pc 1.6e6 Pa Casing pressure

Peo 1.6e6 Pa Casing bottom pressure
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Pt 1.57e6 Pa Tubing pressure

Pt 1.57e6 Pa Tubing bottom pressure

Ppb 0 Pa Pressure below plunger

Pt 0 Pa Pressure above plunger

Pwi 0 Pa Bottom hole pressure

P 1.1e6 Pa Flow line pressure

Lt 5 m Liquid height on top of plunger

Lo 5 m Original liquid height on top of plunger

Ltb 0 m Liquid height below plunger

La 0 m Liquid height in annulus

mga 0 kg Gas mass in annulus

mla 0 kg Liquid mass in annulus

mgtt 0 kg Gas mass above plunger

mgtb 0 kg Gas mass below plunger

mltt P1A¢Let kg Liquid mass above plunger

mitb 0 kg Liquid mass below plunger

Xp 0 m Plunger position from well bottom
Plunger velocity, positive for upward

Vp 0 m/s
movement

Acc -1 m/s? Plunger acceleration, (- means downward)

t 0 S Global time

dt 0 S Time interval
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APPENDIX B

CALCULATION FLOW CHART

Figure B.1 shows the calculation flow chart of the new model, where Niotal is the total plunger lift

cycles, tey is the valve closing time, and T is the period of each plunger lift cycle.
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Figure B.1: Flow chart for plunger lift modeling



