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ABSTRACT

Weiqi Fu (Master of Science in Petroleum Engineering)

Gas Well Liquid Loading Onset and Plunger Lift Modelling

Directed by Holden Zhang

114 pp., Chapter 6: Summary, Conclusions and Recommendations
(200 words)

Based on the Zhang et al. (2003) unified model, liquid loading behavior in gas
wells is studied in this thesis. The predictions of liquid loading are analyzed for different
well inclinations including 90°, 75° and 60°. Superficial liquid velocities of 0.01, 0.05
and 0.1 m/s are selected for comparison. The minimum pressure gradient and liquid film
velocity reversal concepts are examined as liquid loading onset criteria in gas wells.
Compared with experimental data of Yuan (2011), the liquid film velocity reversal
method gives better predictions of liquid loading for the studied well inclination angles.

A plunger lift mechanistic model is developed to simulate the plunger lift working
process and predict the production rates in gas wells with plunger lift operation. The
model is based on the approaches presented by Lea (1982) and Gasbarri and Wiggins
(2001). Improvements have been made on the equations of plunger rising and falling
velocities. The present model also accounts for different reservoir performances in
plunger lift simulation. Oil and water cases from previous studies are used to evaluate the

present model which provides more accurate and reasonable predictions of plunger rising



and falling velocities. Further validations of this model are recommended when more

field data become available.



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my academic advisor, Dr. Holden
Zhang, for giving me continuous support, guidance, and encouragement throughout my
graduate study. His personal and professional encouragements helped me face challenges
in my study and life. | feel very proud to be his student.

I would like to thank Dr. Zhiyuan Wang, visiting scholar from China University
of Petroleum (East China), for his great assistance through this project. | am honored and
fortunate to have worked with him.

| appreciate Dr. Eduardo Pereyra and Dr. Jungi Wang for being on my thesis
committee and for their technical inputs.

Thanks to our very friendly and resourceful TUALP staff Donna Trankley and
Bryan Sams. My sincere thanks go to Jianjun Zhu, Haiwen Zhu, Dr. Hongfang Gu,
Jiecheng Zhang and Yuchen Ji, for their assistance and encouragement in my research
and study.

Finally, 1 would like to dedicate this thesis to my beloved family: my parents
Jianjun Fu and Hua Wei, my grandfather, Xiaoyu Wei. | thank them from my heart for
their emotional and financial support for my bachelor and master studies. Their endless
love and support have allowed me to finish my study in the United States. Their

continuous encouragement and guidance help me continue the journey of my life.



TABLE OF CONTENTS

ABSTRACT ... ettt bbb bbbttt i
ACKNOWLEDGEMENTS ... .ottt ettt %
TABLE OF CONTENTS ... .ottt vi
LIST OF FIGURES ..ottt st viii
LIST OF TABLES ... Xi
INTRODUCTION ..ottt sttt bbb ne e nee e 1
CHAPTER 1: LITERATURE REVIEW .......cccoooiiiiiiiiiiccee e, 5
1.1 Liquid Loading PrediCtion ..........ccccooiiiiiieiinieniee e 5

1.1.1 COrrelationS........cccviiiiiieieniesie e 6

1.1.2 Mechanistic Model...........ccoovoiiiiiiiii e 9

1.1.3 Zhang et al. Unified Model............ccooveiiiieeecieceee e 11

1.2 Plunger Lift MOdeling.........ccooieiiiiiiieice e 12
CHAPTER 2: MODEL DEVELOPMENT ......ccoiiiiiiinieieeee e 17
2.1 Liquid Loading Onset PrediCtion ...........ccoccvvveniiiineeienie e 17

2.1.1 Pressure Gradient Method ...........cccoovviiineninieniieeee e, 18

2.1.2 Liquid Film Velocity Method ... 19

2.2 Plunger Lift Modeling .........cccooveiiie i 21

2.2.1 PluNger UPSIOKE......c.coviiieiieiesie e 22

2.2.2 GAS BIOWOUL......c.ceiiiiiiiie et 26

2.2.3 Plunger DOWNSLIOKE .........ccoiiiiiiiiniiecce s 27

2.2.4 Buildup and Reservoir Performance ..........cccccceveviveresieesivennennns 29
CHAPTER 3: PLUNGER LIFT SIMULATOR......ccotiieeeese e 33
3.1 Data INput INTErface ........ccevveieee e 33

3.2 Simulation INerface ... 38

3.3 Data Analysis INtEerface ........cccccvevviieiieie e 39
CHAPTER 4: SIMULATION RESULTS AND DISCUSSIONS ........ccccovevieenne. 41
4.1 Liquid Loading Prediction RESUILS ..........ccceevvevveiiiiiiree e 41

4.1.1 Liquid Loading Prediction in Vertical Pipe ........c.cccocevvrvennne 41

4.1.2 Liquid Loading Prediction in 75° Pipe......cccccevviiienveierinenienns 45

4.1.3 Liquid Loading Prediction in 60° Pipe........cccccovvriiniviiniineniennn 49

4.1.4 Comparison with Experimental Data...........ccccocceviverviicivennnne 53

Vi



4.2 Plunger Lift Model Simulation ResUlts............cccoocviiiinieiieiiiee, 57

4.2.1 WALEE CASE......eeiiiiiiiiiiieiiiie ettt rne s 57

4.2.2 O CASE ...eeiiiiiee ettt 62
CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS ........ccccoviiennnn. 65
5.1 Summary and ConCIUSIONS..........cccoiiieiiiie e 65

5.1.1 Liquid Loading ONSEL.......ccccvevieiieiieesie e e e 65

5.1.2 Plunger Lift MOdeling.........cccoviiiiiiniiiieeeee e 66

5.2 ReCOMMENAALIONS........ccveiiiieiieeie e ee s 66
NOMENCLATURE ..ottt ettt 67
BIBLIOGRAPHY ..ottt bbbt 71
APPENDIX A .ottt sttt ettt bt ne et eenns 79
ADDITIONAL TABLES ... 79
ADDITIONAL FIGGURES FOR WATER CASE AND OIL CASE.... 81
APPENDIX B ...t bbbt 90
AUXILIARY EQUATIONS ..ottt 90

vii



LIST OF FIGURES

Figure 1: Gas Well Liquid Loading FIOW Patterns...........cccccoevviieniiinieenenieneeie s 2
Figure 2: Plunger Lift SYSIEM........ooveiicie e 3
Figure 3: Liquid Droplet FOrce BalanCe ...........ccooveiiiiiiienenie e 7
Figure 4: Intermittent PIUNGEr Lift.........cccooieiieiececeece e 14
Figure 5: Gas Sections below and above Liquid SIUQ ........cccevviiiiiiniiieieeesiesees 16

Figure 6: Pressure Gradient vs. Superficial Gas Velocity in Vertical Pipe (Yuan 2011) 18

Figure 7: Liquid and Gas Distribution in WellS...........cccooiiiiiiiiiiiice e 20
Figure 8: Plunger, Liquid Slug, and Gas Sections below and above Plunger ............... 22
Figure 9: Force Balance of Plunger Upstroke (Plunger and Slug in Tubing)................ 23
Figure 10: Force Balance of Plunger Upstroke (Plunger Reaching to Wellhead)......... 25
Figure 11: Force Balance of Plunger Upstroke (Slug Flowing in Surface Pipeline)..... 26
Figure 12: Force Balance of Plunger DOWNSLIOKE...........ccevveieiiieieenr e seese e 28
Figure 13: ReServoir PerfOrmManCe .........cccuiiiiieieiieiienie ettt 30
Figure 14: Well GEometry INterface ..........cccvvveieiiieiieie e 34
Figure 15: Surface Parameters INterface..........coovveiiiii e 35
Figure 16: Fluid Properties INterface ..........ccoveeiieiieie e 36
Figure 17: Reservoir Parameters INterface ..........coocovveiirniieieiie e 37
Figure 18: Special Parameters INtErface .........ccooviieiieiiiie e 38
Figure 19: Simulation INtErface ..o 39
Figure 20: Data Analysis INTErfaCe .........ccccceiieieiiieiiece e 40
Figure 21: Pressure Gradient vs. Superficial Gas Velocity in Vertical Pipe.................. 42

viii



Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:

Figure 28:

Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:

Figure 40:

Figure 41:
Figure 42:
Figure 43:
Figure 44:

Figure 45:

Liquid Loading Onset Related to Film Velocity in Vertical Pipe................ 45

Pressure Gradient vs. Superficial Gas Velocity in 75° Pipe ......c.cccceevevenee. 46
Liquid Loading Onset Related to Film Velocity in 75° Pipe........cccccevvennene 49
Pressure Gradient vs. Superficial Gas Velocity in 60° Pipe ..........cccccvevenee. 50
Liquid Loading Onset Related to Film Velocity in 60° Pipe........cc.ccceevenee 52
Slippage between Gas Bubble and Liquid Film........c.cccoevieiiiiiniieceeee, 54
Liquid Film Velocity vs. Superficial Gas Velocity at Superficial Liquid

Velocities 0.005, 0.05 and 0.1 m/s in Vertical, 75° and 60° Pipes.............. 56
Gas Flow Rate Comparison above Liquid Slug for Water Case.................. 59
Plunger Velocity vs. Well Depth for Water Case ...........ccceeveveeiveivernseenne 59
Plunger Velocity Corresponding to Plunger Depth for Water Case ............ 61
Plunger Velocity for Oil CaSe .......cccevveiiriieiieie e 63
Plunger Velocity vs. Time for Oil Case ........ccoovvieiieiiiie e 64
Plunger Velocity vs. Time for Entire Cycle (Water Case).........cccecvervvrreenne. 81

Gas Production Rate below Plunger vs. Time for Entire Cycle (Water Case) 82

Pressure above Plunger vs. Time for Entire Cycle (Water Case) ................ 82
Plunger Acceleration vs. Time for Entire Cycle (Water Case) .................... 83
Overall Gas Production Rate vs. Time for Entire Cycle (Water Case)........ 83
Well Flowing Pressure vs. Time for Entire Cycle (Water Case) ................. 84
Liquid Slug Accumulations in the Well vs. Time for Entire Cycle (Water

(08 1) PSRRI 84
Inlet Pressure vs. Time for Entire Cycle (Water Case) .......ccccovevvvverieennnnn. 85
Plunger Velocity vs. Time for Entire Cycle (Oil Case) ......cccccevvvvvverviennnn. 85

Gas Production Rate below Plunger vs. Time for Entire Cycle (Oil Case). 86
Pressure above Plunger vs. Time for Entire Cycle (Oil Case) ..........ccce..... 86

Plunger Acceleration vs. Time for Entire Cycle (Oil Case).......c.c.cccevrvennee. 87



Figure 46: Overall Gas Production Rate vs. Time for Entire Cycle (QOil Case)............. 87

Figure 47: Well Flowing Pressure vs. Time for Entire Cycle (Oil Case)..........cccccueu... 88
Figure 48: Slug Accumulation vs. Time for Entire Cycle (Oil Case).........cccevvvvvivennns 88
Figure 49: Inlet Pressure vs. Time for Entire Cycle (Oil Case).......cccccveveviverviiieiinennnns 89



LIST OF TABLES

Table 1: Critical Gas Superficial Velocities at Different Superficial Water Velocities in
T Tors LT o RS 42
Table 2: Liquid Loading Related to Liquid Film Velocity in Vertical Pipe.................. 43
Table 3: Critical Gas Superficial Velocities at Different Superficial Water Velocities in
75 PP ettt ettt nre b 46
Table 4: Liquid Loading Related to Liquid Film Velocity in 75° Pipe ........cccccevvvennene. 47
Table 5: Critical Gas Superficial Velocities at Different Superficial Water Velocities in
B0 PP ... eeees e e e s es e st ee e s ettt 50
Table 6: Liquid Loading Related to Liquid Film Velocity in 60° Pipe ........cccccceveennee. 51
Table 7: Liquid Loading Onsets Predicted by Minimum Pressure Gradient Method and
Film Reversal Method Compared with Experimental Observations............... 53
Table 8: Fluid Properties and Slippage VeloCity .........cccovevveieiiieiecie e 55
Table 9: Water Case Study ReSUIES.........c.ooiiiiieiieieee e 57
Table 10: Oil Case StudyY RESUILS ........cccveiieriieiiese e 62
Table 11: Well Geometry for Water CaSse .........ccoovererieieeriieie e 79
Table 12: Surface Parameters for Water Case ..........ccovovrireieeiineneieseneeeesesneeeenen 79
Table 13: Reservoir Parameters for Water Case..........coovvereririnieeiieieiesesie e 79
Table 14: Fluid Properties for Water CaSe .........ccccevveieieereeieseese e see e eee e 79
Table 15: Well Geometry for Oil CaSe........cccuiiiieiiiie e 80
Table 16: Surface Parameters for Oil Case............covveiiiiiniiiinecsee e 80
Table 17: Fluid Properties for Oil Case .........cooviieiinieiieiee e 80
Table 18: Reservoir Parameters for Oil Case ...........coovvviiriiiiiiicseeseeee e 80
Table 19: Special Parameter for Water and Oil Case ..........cccceevveviievieiiieeiie e 80

Xi



INTRODUCTION

Normally, natural gas production is accompanied with liquid production or liquid
condensation. At high gas production rates, gas flow can carry liquid phase to the surface.
With continuous production, reservoir pressure will decrease due to reservoir depletion
which leads to gas flow rate decreasing. When gas production rate decreases, its ability to
carry liquid upward will weaken due to its kinetic energy decrease. Therefore, a critical
gas flow rate exists, below which gas is unable to carry all liquid phase to the surface and
thus liquid begins to accumulate at the bottom of wells. Natural gas production decreases
further and even stops due to liquid accumulation in the wellbore. This phenomenon,
termed as liquid loading, commonly occurs in gas wells accompanied by flow regime
transitions shown in Figure 1.

In order to avoid liquid loading and maintain gas production rate, the onset of
liquid loading in gas wells needs to be predicted. Many researchers have proposed
methods to predict liquid loading in gas wells. One of the earliest models was proposed
by Turner et al. (1969) and is probably the most popular model for liquid loading
prediction. Later, this model was modified by several studies including Guo et al. (2005)
and Zhou et al. (2009). The Turner et al. model provides a general equation to calculate
the critical gas flow rate, which can be used to determine whether liquid loading occurs

or not in gas wells.
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Figure 1: Gas Well Liquid Loading Flow Patterns

(http://petrowiki.org/Plunger lift)

Mechanistic multiphase flow models, such as Barnea et al. (1987) model and
Zhang et al. (2003) unified model, can be used to analyze liquid loading in gas wells. The
liquid film reversal and minimum pressure gradient are believed to relate to the onset of
liquid loading. Yuan (2011) and Gunner (2012) conducted pertinent experimental
measurements and analyzed mechanistic model predictions. In this study, liquid loading
in gas wells is predicted by the Zhang et al. unified model, and liquid loading mechanism
is analyzed for different gas well inclinations including 90°, 75° and 60°.

Artificial lift methods can be used to unload liquid from gas wells, among which
plunger lift are an effective approach (as shown in Figure 2). Plunger lift has many
advantages such as lower operation cost, prevention of paraffin deposition along wellbore
and easy to manage. For low productivity oil wells with high gas-liquid ratio and some
old oil wells, plunger lift is also preferred due to its low cost of maintenance and work

over.
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Figure 2: Plunger Lift System

(http://petrowiki.org/Plunger lift installation and maintenance)

For decades, several plunger lift models have been developed. The first model for
plunger lift proposed by Foss and Gaul (1965) was a static model, based on which a
dynamic model was first presented by Lea (1982). Mower and Lea (1985) conducted
experiments to evaluate several assumptions made in the Foss and Gaul model.
Thereafter, a new plunger lift model treating liquid fallback during the plunger moving
upward was proposed by Marcano and Chacin (1994). A more recent plunger lift model
was proposed by Gasbarri and Wiggins (2001) with consideration of gas sections above
and below the plunger. A plunger lift simulator was developed by Gasbarri and Wiggins

using Fortran programming language.


http://petrowiki.org/Plunger_lift_installation_and_maintenance

The existing models are still imperfect due to individual limitations or
assumptions with which the models were simplified to a great extent. The models can be
improved if the following aspects can be taken into account:

e Most of the existing models take the plunger rising velocity and falling

velocity as constant.

e The prediction of liquid loading onset in plunger lift modeling is unavailable.

e Few of the existing models have been implemented successfully into plunger

lift simulator.

e The lack of field data impedes the development of more accurate plunger lift

models.

In this study, a new model will be developed considering changes of plunger
rising and falling velocities, as well as liquid loading prediction. In this study, a new
plunger model with these considerations is proposed, based on which a plunger lift
simulator is developed. In addition, the liquid loading onset criteria in gas wells are

compared with available experimental data.



CHAPTER 1

LITERATURE REVIEW

In order to prevent liquid loading in gas wells, it is important to predict liquid
loading onset. The understanding of the fundamental mechanism that triggers liquid
loading in gas wells is needed to develop accurate prediction models.

As an efficient method to keep gas wells from liquid loading, plunger lift has been
widely used in fields. In this study, a new plunger lift model is developed with further
improvement of previous models. Thus, a literature review of liquid loading prediction

and existing plunger lift models has been conducted.

1.1 Liquid Loading Prediction

Since 1969, several liquid loading prediction methods have been proposed, which
can be classified into two categories: correlation and mechanistic model. The first
correlation was proposed by Turner et al. (1969), who analyzed force balance on liquid
droplets in vertical gas flow and obtained a critical gas flow rate to determine liquid
loading in gas wells. Initially, Turner et al. model was only applied to vertical gas wells.
However, researchers later extended this model to deviated wells and improved the
accuracy of the original model with necessary modifications and additional correlations.

The mechanistic methods for liquid loading prediction in gas wells originate from

mechanistic multiphase flow models, such as Barnea (1987) model and Zhang et al.



(2003) unified model, which are used to predict multiphase flow behavior in pipeline and
wellbore. The liquid film velocity and pressure gradient predicted by mechanistic models

can be used as the criteria to determine liquid loading in gas wells.

1.1.1 Correlations

Correlations for predicting liquid loading onset include the Turner et al. (1969)
model and the models developed from Turner et al. model by other researchers. Turner et
al. model is widely used to predict liquid loading onset in gas wells by industry, because
it is a straight forward correlation. However, due to its simplicity, Turner et al. model can
only be applied in vertical wells, and the prediction results have larger discrepancies
compared with field data. Thereafter, researchers including Guo et al. (2005) and Zhou et
al. (2009), improved Tuner et al. model by incorporating new correlations or accounting
more parameters in modeling such as liquid holdup and kinetic energy.

Turner et al. (1969) claimed that liquid loading in the vertical wells is due to
liquid droplets falling downward. The terminal velocity, also called the critical gas flow
velocity, is derived based on force balance of gravity and drag force on liquid droplets
sustained by gas flow (Figure 3). It is the minimum gas velocity required to carry all
liquid droplets upward. The general form of terminal velocity equation is given as:

1/4 1/4
_1760'L (PL —PG)
Ve =47 pG1/2

2.1

Where v; is terminal velocity, ft/s, o is liquid gas interfacial tension, dynes/cm, p is

liquid density, Iby/ft* and pg is gas density, Iby/ft®.
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Figure 3: Liquid Droplet Force Balance

Turner et al. (1969) used field data, including 101 wells with most wellhead
pressures above 500 psig, to validate the droplet entrainment model. It was pointed out
that prediction results require a 20% upward adjustment to match field data. Turner et al.
believed that the liquid droplet entrainment was the main mechanism controlling liquid
loading in gas wells while the liquid film reversal mechanism is unimportant.

Coleman (1991) used EXXON field data with wellhead pressures less than 500
psig to validate the Tuner et al. (1969) model. He concluded that 20% upward adjustment
of the Turner et al. model was unnecessary based on his assessment. Coleman also
pointed out that wellbore size and wellhead pressure affected terminal velocity of liquid
droplets significantly. However, gas density, temperature and interfacial tension had
much less influence on droplet terminal velocity. Flow patterns, which were neglected in
the Turner et al. model, were taken into account by Coleman for predicting liquid loading

in gas wells, indicating that flow patterns in wellbore might affect liquid loading to some



extent. In addition, Coleman also argued that the Tuner et al. model cannot be used when
slug flow prevails in wellbore.

The Turner et al. (1969) model was further improved by Guo et al. (2005) using
kinetic energy theory. In this model, the minimum Kkinetic energy theory and the
relationship between kinetic energy and terminal velocity were introduced. Guo et al.
concluded that the minimum gas velocity to lift liquid droplets corresponded to the
minimum Kinetic energy of gas flow required to lift liquid droplets,

_ po 2.2

ST
Where Ey is gas specific kinetic energy, Ibs-ft/ft>, v is gas velocity, ft/s and g is unit
conversion factor, Iby,-ft/Ibs-s%.

By case study, Guo et al. (2005) further argued that the prediction results by
Turner et al. model still underestimated liquid loading onset even after 20% upward
adjustment. It was shown that Guo et al. model gave better predictions than Turner et al.
model.

Girija (2007) conducted experimental investigation to observe liquid loading
behavior in tubing-casing annulus. Girija concluded that the terminal velocity in tubing-
casing annulus from his experiment is 20% to 50% lower than the terminal velocity
predicted by Turner et al. model. Two flow patterns, annular flow and transitional annular
flow, were observed in experiments.

Zhou (2009) proposed an improved model based on Turner et al. (1969) model
with consideration of liquid holdup in gas wells. A model called liquid-droplet

concentration model was introduced, considering that the terminal velocity was affected

significantly by liquid droplet concentration. If liquid droplet concentration is above the



threshold value (5), the calculation of liquid holdup in gas wells should be included in
liquid droplet concentration model. Below this threshold, Turner et al. model is opted.

The value of f is a constant number around 0.6 estimated from the Turner et al. model.

ForH_ <p
1/4 2.3
o — PG
Vi_zhou = Vi—turner = 1-593[ L(pL 1/2 )]
Py
ForH > p
2.4

H
Vi—zhou = Vv—turner +1N I +ta

Where Vinou IS the terminal velocity of Zhou et al. model, ft/s, Vi.wmer IS the terminal
velocity of Turner et al. model, ft/s and Hy is liquid holdup.

Veeken (2009) observed that the predicted gas flow rates by Turner et al. model
were 40% below field data. A modified Turner et al. model would give good matches
with the field data. Furthermore, Veeken concluded that, liquid loading in gas wells
occurs if bottom-hole pressure reached the minimum value on the outflow curve.

Multiphase flow model was used to describe and analyze liquid loading
phenomenon in Veeken’s study. Model results agreed with experimental observations.
The dominant mechanism of liquid loading onset was found to be liquid film reversal

rather than liquid droplet falling.

1.1.2 Mechanistic Model
Mechanistic multiphase flow models can also be used in liquid loading

predictions. In mechanistic models, the onset of liquid loading in gas wells can be



predicted by the overall liquid accumulation including liquid film and droplets. This
liquid accumulation is manifested by the liquid film velocity reversal and transition from
friction dominance to gravity dominance reflected by the minimum bottom pressure.

van’t Westende (2008) conducted experimental study in 2-in ID flow loop to
observe liquid droplet size and velocity. The results of liquid droplet size measurement
revealed that the droplet size was smaller than that used in Turner et al. (1969) model.
The flow patterns observed in van’t Westende experiments were annular flow and churn-
annular flow. He concluded that film instability might have resulted in liquid loading
onset since no falling liquid droplets were observed in the experiment.

A more recent experimental study on liquid loading onset in vertical and deviated
wells was conducted by Yuan (2011) in a 3-in ID flow loop. Experimental results showed
that, in vertical wells, liquid loading onset was due to liquid film reversal and flow
pattern transition from fully-developed annular flow to partially-developed annular flow.
In deviated wells, liquid loading occurred since liquid film flowed downward
continuously at the lower side of the tubing. At the minimum pressure gradient, flow
regime changed from fully-developed annular flow to partially-developed annular flow,
which triggered liquid loading.

Although liquid loading in vertical wells is slightly different from that in deviated
wells, liquid film reversal is consistently verified as the main reason for liquid loading.
Yuan proposed the criterion of minimum pressure gradient for onset of liquid loading and
pressure gradient fluctuation at the same time.

Moreover, Yuan (2011) also found that liquid film oscillated in unloading wells

when it began to reverse. The upward interfacial waves intercepted liquid film from

10



flowing downward continuously and led to liquid film periodical downward flowing
under the waviness.

Gunner (2012) studied liquid loading in vertical and deviated gas wells after
Yuan’s (2011) research. With similar experimental results, Gunner also found that the
liquid loading onset associated with the minimum pressure gradient and pressure gradient
fluctuations happened at the same time.

Gunner compared calculated results using Barnea (1987) model with
experimental data. It was found that the critical gas velocity was the gas velocity at the
minimum pressure gradient from Barnea model, which corresponded to the liquid film
reversal.

Gunner concluded that well deviation was an important factor affecting gas
terminal velocity. When the well is close to vertical, the gas terminal velocity is high. She
pointed out that superficial gas velocity was equal to the critical gas velocity which could

be used to predict onset of liquid loading in gas wells.

1.1.3 Zhang et al. Unified Model

Zhang et al. (2003) unified model predicts multiphase flow hydrodynamics and
flow patterns all from basic equations via slug dynamics, while other mechanistic models
start with equilibrium stratified flow. The Zhang et al. unified model can be applied to
wells with all inclination angles. Liquid film velocity is one of the main parameters
which characterize slug and annular flows. It also plays an important role in liquid
loading prediction. Thus, liquid film velocity calculated from Zhang et al. unified model

will be analyzed.

11



Zhang et al. unified model was validated with experimental results covering
different pipe diameters, fluid properties, inclination angles, gas and liquid flow rates,
and flow patterns. It gives good predictions of flow patterns, liquid holdup, film
thicknesses and pressure gradients in wellbores and pipelines with different inclination

angles.

1.2 Plunger Lift Modeling

Foss and Gaul (1965) reported over 100 wells that used plunger lift in the Ventura
Avenue Field operated by Shell Company. A simplified static model of plunger lift based
on those field cases was proposed. By analyzing force balance on the plunger, a set of
plunger lift performance curves were generated, which are still widely used as references
to compare with new models proposed by later researchers.

In the static model, the plunger rising and falling velocities were assumed as
constants. The rise velocities are 1000 ft/min and 172 ft/min through gas and liquid,
respectively. The falling velocity is 2000 ft/min through gas. Gas column weight, plunger
friction and gas friction are neglected. Foss and Gaul also presented that the cycle
frequency of the plunger was related to the productivity index of the well, tubing back
pressure, available gas energy and plunger travel time. The maximum cycle was
calculated based on well length and load size at the intersection of the proper depth.

Lea (1982) proposed a dynamic model of plunger lift, as opposed to the Foss and
Gaul (1965) static model. The force balance equation on plunger was used to develop the
dynamic model. Lea obtained plunger positions, velocity, acceleration and casing

pressure by solving the force balance equation numerically. Gas and liquid frictions were

12



taken into account. A simplified liquid loading expression as function of time and gas
flow rate was used in the model. However, gas leakage and liquid fallback from plunger
were neglected. Similar cycle frequency equation as presented by Foss and Gaul was
used in the dynamic model. The calculated results were compared with Foss and Gaul
model predictions. It was found that, for Foss and Gaul model with constant plunger
rising and falling velocities, 16% more gas is needed to lift plunger than that for Lea
model.

Mower et al. (1985) conducted plunger lift tests on pressure, velocity, gas and
liquid volumetric flow rates for 13 different commercial plungers rising and falling in gas
wells. Experimental results also included gas leakage and liquid fallback. For different
plungers, the optimum plunger rising velocities varied. However, for most plungers, the
optimum plunger rising velocity was around 1000 ft/min. From the testing results, it was
concluded that gas slippage was a significant factor affecting plunger lift efficiency. In
addition, an interesting observation from experiments was that gas slippage decreased as
plunger velocity increased, which also led to liquid fallback increasing. Mower et al. also
presented a model accounting for gas slip and liquid fallback to match test data.

Marcano and Chacin (1994) proposed a new mechanistic model for predicting
conventional plunger lift process. The liquid fallback during plunger rise was treated as a
linear function of average velocity. A Fortran-based simulator was programed to
calculate liquid fallback losses and estimate the optimum cycle time. However, due to
lack of sufficient field data, this model was validated partially. Further validation is

needed to show its feasibility.
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Charcin  (1990) conducted mathematical modeling and optimization of
intermittent gas-plunger lift operations (Figure 4). By combining plunger lift process and
reservoir inflow performance, a new plunger lift model was developed, which can be
used to simulate gas-plunger lift operation. The model assumed constant plunger rising
and falling velocities. However, in the model validation, it was found that plunger falling
velocity seemed to be a major factor in determining overall performance of plunger lift.
Thus, Charcin pointed out that plunger velocity should be emphasized during modeling
the plunger lift process. Meanwhile, the formation water-oil ratio and gas-oil ratio should

also be considered in developing plunger lift model.

Flowline

e

Wwell A
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Figure 4: Intermittent Plunger Lift

Gasbarri and Wiggins (2001) proposed a plunger lift model that comprises of four

parts: upstroke, blowdown, build-up and reservoir performance. Upstroke covers the
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dynamics of plunger rising and liquid slug movement by the plunger lift. The gas section
changes above the slug and below the plunger (Figure 5) are also included. Blowdown is
slug production to the separator from tubing string. It also accounts for gas production
after the plunger reaches the surface. Build-up covers the liquid accumulation in gas
wells and system pressure or bottomhole pressure increase. Reservoir performance is
fluid flow from reservoir to wellbore during the entire process of plunger lift operation.
Fundamental conservation equations were used to derive the dynamic model. Gasbarri
and Wiggins model avoided some assumptions in previous plunger lift models proposed
by other researchers. Transient behavior of gas above the liquid slug was considered in
the upstroke step when the tubing valve was open. Gasbarri and Wiggins model also
combined the dynamics of plunger lift with reservoir performance.

A plunger lift simulator based on Fortran was developed by Gasbarri and Wiggins
(2001), and was validated with Lea (1982) well examples and field data from Baruzzi and
Alhanati (1995). The comparison of model predictions with field data was good, although
liquid fallback through the gap between plunger and tubing (as plunger moved upward)
was not considered in the model. It should be noticed that, plunger falling velocities of
Gasbarri and Wiggins (2001) model after wells shut-in were assumed constant, 1000

ft/min in gas and 175 ft/min in liquid.
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CHAPTER 2

MODEL DEVELOPMENT

In this chapter, liquid loading onset in gas wells is analyzed based on Zhang et al.
(2003) unified model. The plunger lift working process is modeled with equations
presented in previous studies and new improvements are added in the closure

relationships.

2.1  Liquid Loading Onset Prediction

Multiphase flow mechanistic models can predict pressure gradients, liquid
holdup, and film velocity among many other parameters for flow characterization. These
parameters are also directly or indirectly related to liquid loading. Experimental studies
on multiphase pipe flow have also been performed to validate the mechanistic models.

The Veeken (2009), van’t Westende (2008), Yuan (2011) and Gunner (2012)
experimental studies found that liquid loading onset was related to liquid film reversal
and minimum pressure gradient. Proposals have been made to use these two parameters
to predict liquid loading onset in gas wells.

The Zhang et al. (2003) unified model is a new generation mechanistic model for
multiphase flow in pipe with any inclination angles. The multiphase hydrodynamics and
flow pattern are all predicted from the basic momentum equations. The liquid film

velocity and pressure gradient predicted by the unified model corresponding to the liquid
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loading onset observed in experiment are analyzed. A criterion is proposed for the

prediction of liquid loading onset.

2.1.1 Pressure Gradient Method

Veeken (2009) concluded that liquid loading in gas wells occurs when the bottom

pressure (or pressure gradient) on outflow performance curve reaches the minimum

value. Yuan (2011) and Gunner (2012) confirmed Veeken’s observation of liquid loading

onset through analyzing their pressure gradient measurements (as shown in Figure 6).
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Figure 6: Pressure Gradient vs. Superficial Gas Velocity in Vertical Pipe (Yuan 2011)

Figure 6 shows pressure gradients measured by Yuan (2011) versus superficial

gas velocity at different superficial liquid velocities (vs. = 0.005, 0.01, 0.02, 0.05 and

0.10 m/s.) in vertical pipe. As superficial gas velocity decreases gradually, flow pattern in
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the pipe changes from fully developed annular flow to partially developed annular flow.
When pressure gradient reaches the minimum value, liquid loading occurs. It appears that
liquid loading onset can be predicted by the minimum pressure gradient locality and flow
pattern transition.

Flow patterns in gas wells are mostly annular flow and intermittent flow.
Different multiphase flow models may define flow pattern transition differently. The
transition between two adjacent flow patterns is normally not a distinct boundary, but a
zone. Thus, it is hard to predict liquid loading onset using the flow pattern transition
criterion. However, pressure gradients are standard outputs of mechanistic models for
multiphase pipe flow. At high gas flow rate (velocity), liquid holdup (loading) is low. As
a result, gravitational pressure gradient is low and frictional pressure gradient is
dominant. At low gas flow rate (velocity), liquid loading occurs and liquid holdup is
high. Gravitational pressure gradient becomes dominant in vertical or near-vertical wells.
Therefore, the minimum total pressure gradient corresponds to the transition from friction
dominant flow to gravity dominant flow. The increase of liquid loading causes this

transition.

2.1.2 Liquid Film Velocity Method

Turner et al. (1969) examined the film reversal approach for liquid loading
prediction but pointed out that it was inaccurate compared with the liquid droplet falling
approach. Thereafter, several researchers developed new liquid loading prediction models
and conducted experiments on liquid loading in pipes with varying inclination angles, to

validate the proposed models. Some recent researchers realized that liquid film reversal
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turned out to be more important than liquid droplet falling for liquid loading prediction.
Veeken (2009) pointed out that the Turner et al. droplet model was too conservative to
accurately estimate the droplet terminal velocity compared with data. He also argued that

liquid film reversal was the main mechanism of liquid loading onset.
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Figure 7: Liquid and Gas Distribution in Wells

Experimental observations show that liquid loading occurs under slug flow or
intermittent flow, which leads to higher liquid holdup due to slippage between gas and
liquid. If gas flow rate is high enough, a large amount of liquid can be entrained in the
gas core as dispersed droplets. On the pipe wall a thin liquid film will form (as shown in
Figure 7).

The liquid film reversal theory can be explained with the force balance on the
liquid film. In gas-liquid annular flow, gas flows at the center with entrained liquid
droplets. A thin annular liquid film around the pipe wall also flows upward but with a

much lower velocity. The shear force on the liquid film by the gas core exceeds the
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gravity of the liquid film. The difference is balanced by the friction between the liquid
film and pipe wall.

The reservoir will deplete with continuous production. As a result, bottomhole
pressure will decrease causing flow rate decrease. When gas velocity becomes lower, its
shear force on the interface will be less. When shear force approaches the gravity of the
liquid film, the film velocity will slow down to zero. After that, liquid film velocity will
become negative and reversal liquid film flow will occur. Liquid loading starts due to the
reversal flow of liquid film. Using mechanistic multiphase flow models, it is possible to
predict liquid loading onset with the predicted film velocity (liquid film reversal theory).
In Zhang et al. unified model, liquid film velocity can be obtained from the momentum

conservation equations.

2.2 Plunger Lift Modeling

Plunger lift model can be divided into six components namely, plunger upstroke,
gas blowout, plunger fall down, pressure buildup, gas flows above and below plunger and
reservoir performance.

Above and below plunger, gas flows with plunger moving in the tubing. Reservoir
performance is a component included in all stages of plunger lift processes. In energy
buildup stage, reservoir performance contributes to restoring energy below the plunger.

Basic mass and momentum conservation equations are used to derive the plunger
lift simulation model. Several conservation momentum equations are cited from Gasbarri

and Wiggins (2001) study and applied to plunger upstrokes and gas section procedures.
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2.2.1 Plunger Upstroke

Plunger upstroke is a dynamic process during which the plunger moves upward
from tubing bottom. When the plunger travels from bottom hole to the wellhead, it
involves three parts: gas section above the liquid slug, plunger and slug movement, and

gas section below the plunger (as shown in Figure 8).
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Figure 8: Plunger, Liquid Slug, and Gas Sections below and above Plunger

The plunger movement is analyzed with boundary conditions including pressures
at slug top and plunger bottom. Slug top pressure can be solved through the gas section
above the slug when the plunger moves up. Plunger bottom pressure can be solved
through the gas section below the plunger from the connection with casing-tubing
annulus.

For liquid slug and plunger moving upward in tubing, the momentum equations
applied to single phase liquid with constant density are based on Lea (1982) model. On

the control volume in the moving system, the volume is assumed constant during the
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plunger and slug traveling in the tubing. The acceleration of the slug can be obtained
from the momentum equations. Figure 9 shows the forces acting on the slug and plunger
in tubing.

In addition, Gasbarri and Wiggins (2001) developed an upstroke model for
plunger lift. Using momentum balance equations to describe plunger movement in the
tubing, this method is widely accepted by researchers to model plunger lift process. The
Gasbarri and Wiggins upstroke model is also adopted in this study to describe plunger

upward movement and gas behavior accompanying the plunger movement.
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Figure 9: Force Balance of Plunger Upstroke (Plunger and Slug in Tubing)

When the plunger moves upward and the slug is far from wellhead, the

momentum equation based on the force balance on the control volume is written below. It
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is applied to vertical direction. The slug acceleration can be solved from this momentum
equation.

L, 3.1
My ¢a = (P1 = P2)Awbing =W = 1.0 Abing ﬁVLt
t

my is mass of liquid slug and plunger in the tubing, kg. p; is liquid slug density, kg/m?. a;
is acceleration of liquid slug and plunger in the tubing, m/s®>. p1 is pressure below
plunger, Pa. p, is pressure above plunger, Pa. Awbing IS tubing cross sectional area, m?. w
is total weight of liquid slug and plunger, kg. f; is tubing friction factor. L; is slug length
in the tubing, m. d; is tubing diameter, m. v, is slug velocity in the tubing, m/s.

When slug reaches the wellhead and begins to flow into pipeline on surface, the
liquid mass and length of the vertical control volume will decrease. Figure 10 shows the
forces acting on slug and plunger control volume after the slug reaches the surface
pipeline. The momentum equation below based on this force balance can be used to solve
the slug acceleration.

L 3.2
my @y = (L= P2)Awbing =W = 101 Abing le,t = V1.2 Auing U 1
t cs

Uy is slug velocity in the tubing, m/s.

When liquid starts to flow in the surface pipeline, the liquid slug length increases.
The momentum equation for slug in the surface pipeline can be expressed below based on
the force balance on the control volume shown in Figure 11.

L 3.3
mpLaL = (pz - pS)AL - fLplAL ﬁVIZ,L —ZVl,Lpl ALup L
L CS

m; . is mass of liquid slug in the surface pipeline, kg. a, is acceleration of liquid slug in

the surface pipeline, m/s2. ps is pressure at the front of slug in the surface pipeline, Pa. L,
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is slug length in the surface pipeline, m. v, is slug velocity in the surface pipeline, m/s.
uy. is slug velocity in the surface pipeline. A, is surface pipeline cross sectional area, m*.
d. is surface pipeline diameter, m. f._ is friction factor in the surface pipeline.

The slug acceleration can be obtained through combing Equation 3.1 and

Equation 3.2,
2
2 L 2 L[ A Kplvlz,t w 34
P1— P3— fioviy od. prIVI,LF A | T g
a. = t L AL g Atubing
t ml,t " mI,LAtubing
Atubing AE

k is the empirical friction factor of flow through the tee section.
pZ‘A tubing ViPVidysing

|1

Slug

my w pfrz’cA tubing

pIAmbing

Figure 10: Force Balance of Plunger Upstroke (Plunger Reaching to Wellhead)
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2.2.2 Gas Blowout

The gas blowout component describes gas well production with wellhead valve
opened after plunger reaches wellhead for a certain time period. In gas blowout phase,
hydrocarbon fluid is produced from reservoir. Meanwhile, liquid starts to load up at the
bottom of gas well. The gas blowout phase ends when gas cannot be produced at a
satisfactory rate because of liquid loading in the gas well. Engineers have to decide the
gas blowout time. For this process, Gasbarri and Wiggins (2001) developed a model
based on momentum equations. In this study, the Gasbarri and Wiggins model for gas
blowout components is incorporated in the new plunger lift model.

The same assumptions as the plunger upstroke component are made for the gas
blowout component. Liquid is produced with gas from reservoir and the flow pattern at
the bottom is assumed to be slug flow. Force balance analysis on the liquid slug is made
similarly as that for the plunger upstroke component. The liquid slug is assumed to
completely fill the tubing.

L 3.5

ma. = (p, - ps)AL - prLALﬁVIZ,L
L
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2.2.3 Plunger Downstroke

Plunger downstoke component is the phase during which the plunger moves
downward from wellhead to the well bottom after gas blowout phase. The plunger falls
down once gas blowout is stopped. A proper time for the plunger to fall down to the well
bottom also needs to be specified by engineers.

Generally, constant plunger falling velocities were used in most previous plunger
lift models. Gasbarri and Wiggins (2001) model assumed the plunger falling velocity to
be 1000 ft/min in gas phase and 175 ft/min in liquid phase. However, they pointed out
that the plunger lift velocities should be modified for different well conditions. In this
study, plunger falling velocity is calculated from plunger acceleration, which is
dependent on well flow conditions.

Due to liquid accumulation at the bottom of gas wells, the plunger downstroke
movement includes two parts. One is the plunger traveling in gas phase and the other is
the plunger traveling in liquid phase. Therefore, plunger accelerations in gas and liquid
phases must be formulated separately.

Figure 12 shows the schematic of plunger downstroke movement. The forces
acting on the plunger are used to obtain plunger falling acceleration. As shown in Figure
12, these forces include gravity force and drag force. Thus, if plunger falls at a constant

velocity the plunger gravity should equal to drag force.
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Figure 12: Force Balance of Plunger Downstroke

As discussed above, the acceleration of the plunger moving downward in the gas
phase is a function of plunger gravity, drag coefficient, gas density, plunger velocity and
plunger diameter. In order to calculate the plunger falling velocity accurately, more
detailed plunger geometrical information is needed in the new model. In the plunger lift
simulator, specific drag coefficients corresponding to different plunger geometries are
incorporated, from which a proper value of drag coefficient can be selected automatically
when calculating plunger falling velocity. Meanwhile, gas density is affected by local
well temperature and pressure. The calculation methods and equations can be found in

Appendix B. Plunger acceleration and falling velocity can be calculated by:

m 05Cd PG D V2 3.6
plunger g- 4 plunger v plunger
Aplunger =
m plunger
_ M plunger 9 3.7
Vplunger -

T
0.5Cy pg n D plunger
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aplunger 1S plunger acceleration, m/s?. Mplunger 1S Mass of the plunger, Kg. Dpiunger IS plunger
diameter, m. Vpunger i plunger falling velocity, m/s.
Plunger velocity is also affected by plunger mass, gravity, liquid density, drag

coefficient, and plunger diameter.

m _05Cqyp7 D V2 3.8
plungerg 4 plunger v plunger
a =
plunger m plunger
_ M plunger 9 3.9
Vplunger -

/4
0.5CqpL " D plunger

2.2.4 Buildup and Reservoir Performance

Energy buildup component and reservoir performance component are combined
together in the model. A seat at the bottom of the well is used to host the plunger, which
enables an energy buildup for the plunger before starting the next circle. The energy
buildup component describes the accumulation of reservoir energy under the plunger seat
at well bottom when the plunger is locked on the seat. When the reservoir energy
(pressure) reaches a certain level, the seat locker will open and plunger will start to travel
upward again.

Reservoir performance component describes reservoir behavior or inflow
performance of gas wells (IPR). It works continuously during the plunger lift cycle

(Figure 13).
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In the new model, both steady and unsteady state inflow performance
relationships of gas wells are considered. During plunger lift, fluid flow decreases with
liquid loading and increases after the liquid slug is lifted. Therefore, the inflow from
reservoir to bottomhole is unsteady. The productivity equations (J-factor function) are
used to describe reservoir performance in the new model while Gasbarri and Wiggins
used Rawlins and SchellhardIt’s (1935) empirical functions (backpressure method) in
their model. For steady state flow, gas production flow rate is the function of gas
viscosity, well temperature, well pressure, reservoir permeability, gas compressibility,
drainage radius and well radius, standard gas density, reservoir pressure and reservoir
thickness.

If value under the square root of Eq. (3.10.2) is larger than zero,

B 3.10
= A——
Qg c
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2p ( Z ) PscT 1 _1)
93¢\ 2722 TscZsc ARy Re
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M is gas viscosity, cp. Z is gas compressibility. k is gas permeability, md. h is thickness of
pay zone, m. Pgc is pressure at standard condition, Pa. T is local temperature, K. Tsc is
temperature at the standard condition, K. Zsc is gas compressibility at standard condition.
Re is radius of drainage area, m. Ry, is radius of the wellbore, m. pgsc is gas density at
standard condition, kg/m?,

If value under the square root of Eq. (3.10.2) is less than zero,

(Pe2 _p Ve) 3.12
HZ [ PgcT log Re

Pe is reservoir pressure, Pa. P, is pressure at the bottomhole, Pa.

Qg:

For unsteady state flow, gas production rate is function of reservoir pressure, well
pressure, well temperature, gas compressibility, reservoir permeability, pay zone

thickness, well radius and oil viscosity.

(PFg _ Pve) 3.13
PZT 2.25kt
# log —
27Nk N\ TgcZ o MC R,
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where is Ct is the total compressibility, psi™.
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CHAPTER 3

PLUNGER LIFT SIMULATOR

A computer program is written in Visual Basic language with Visual Studio 2010
to implement the new plunger lift model described in the previous chapter. The simulator
consists of three main parts. The first part is Data Input. The second is Simulation and the
third Data Analysis. Each part is accommodated with a Graphic User Interface (GUI)

which contains sub-interfaces.

3.1 Data Input Interface

Data Input interface has five sub-interfaces including Well Geometry, Surface
Parameters, Fluid Properties, Reservoir Parameters and Special Parameters. All required
information for simulation is provided by these five sub-interfaces.

The sub-interface Well Geometry is the window for inputting parameters which
describe the well profile and plunger properties. The well profile includes well depth,
tubing inner diameter, tubing outer diameter, casing inner diameter and casing outer
diameter. Plunger properties include plunger outer diameter and plunger mass. The drag
coefficients of different plungers are defined in the program. The unit of length is in
meter and the unit of mass in kilogram. There are two plunger type options namely

casing-tubing type and tubing type. Figure 14 shows the Well Geometry interface.
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Figure 14: Well Geometry Interface

The sub-interface Surface Parameters is the window for inputting parameters
defining surface pipeline and separator. This information is needed to calculate plunger
traveling velocity, hydrocarbon production rate and gas sections in tubing and surface
pipeline. The input parameters include surface pipe length, surface pipe inner diameter
and surface pressure (separator pressure). The unit of pressure is in MPa. Figure 15 is a

snap shoot of the Surface Parameters interface.

34



Files(F) Datalnput(l Design(D) DataAnalysis(A) Constant(C) Help(H)
F = X ¥ = A
New Open Delste Fun Fguss End

Deta input | Smulstion | Dats Anslysis |

|ﬁ Well Geometry | [ Suface Farametere | Fiud Prapery | Ressrvoir Parameters | Speical Parameters

lell Geometry:

Suface Line Length fn) 50
Surface Line ID fm) 0.050673

Separater Pressure (MPs)  0.413685

|| Welcomes to Use Plunger Lift Simulation Software! The copyright belongs to TUALP. ToolStripStatusLabel2

Figure 15: Surface Parameters Interface

The sub-interface Fluid Properties is for inputting the liquid and gas properties.
Liquid phase can be oil, condensate, water, or a mixture of oil and water. The inputs
include liquid density, gas specific gravity and initial liquid length (slug length). The unit

of density is in kilogram per cubic meter. Figure 16 shows the Fluid Properties interface.
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Figure 16: Fluid Properties Interface

The sub-interface Reservoir Parameters is for inputting reservoir information,
which is used to characterize the inflow performance relationship (IPR). IPR together
with the bottomhole flowing pressure provides hydrocarbon production rate. Bottomhole
flowing pressure is calculated using the pressure gradient along the wellbore. The inputs
include reservoir pressure, gas permeability, reservoir thickness, drainage radius,
geothermal gradient, surface temperature, well diameter, liquid gas ratio, coefficient C
and exponent n. The unit of permeability is in milli-Darcy. The unit of surface
temperature is in Kelvin, and the geothermal gradient unit is in Kelvin per meter. Figure

17 shows Reservoir Parameters interface.
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Figure 17: Reservoir Parameters Interface

The sub-interface Special Parameters is for inputting additional parameters. In the
present model, absolute roughness is required for pipeline, tubing and casing wall
surfaces. It is used to calculate friction factor, which is further used to calculate the

casing and tubing frictional pressure gradients. Figure 18 shows the Special Parameters

interface.
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Figure 18: Special Parameters Interface

3.2 Simulation Interface

As shown in Figure 19, Simulation Interface offers two options. The first four
command buttons are individually for Up Stroke, Blowout, Down Stroke, and Build Up.
Each corresponds to a plunger lift working procedure, as discussed in the Model
Development chapter. The second option Circulate integrates all plunger lift working
stages together as a complete cycle.

In the display window the plunger lift process is animated along with the
simulation. There are two dynamic plots and one animation graph. One plot is plunger
velocity (m/s) versus time (s). The second plot is plunger acceleration (m/s?) versus time
(S). The animation graph shows plunger and liquid slug movements simultaneously with

the displays of the calculated results.
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Figure 19: Simulation Interface

3.3  Data Analysis Interface

Data Analysis interface provides all simulation results and plots. With Curves
Selection, the simulator offers eleven different curves from the outputs. Users can select
any of these plots for analysis or comparison with field data. The simulation outputs
include plunger velocity (m/s), plunger acceleration (m/s?), gas flow rate (m%s),
bottomhole flowing pressure (Pa), casing pressure (Pa), pressure on the upside of plunger
(Pa), surface pipeline outlet pressure (Pa), gas flow rate below the plunger (m*/s), liquid
accumulation in the wellbore (m®) versus time (s), and plunger velocity (m/s), pressure on
the upside of plunger (Pa) versus well depth (m). Figure 20 shows the Data Analysis

interface.
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Figure 20: Data Analysis Interface
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CHAPTER 4

SIMULATION RESULTS AND DISCUSSIONS

4.1 Liquid Loading Prediction Results

Fluid properties and pipe geometry from Yuan (2011) experimental study are
used as inputs for liquid loading onset analyses. Yuan’s water-air two phase flow
experiments were conducted in a flow loop with pipe inner diameter 3 in. Water density
was 998 kg/m>. Water viscosity was 0.001 Pa-s. Water-air interfacial tension was 0.073
N/m. Outlet pressure was atmospheric pressure. Pipe wall roughness was 0.0028 mm.

Zhang et al. (2003) unified model for multiphase pipe flow is used to analyze
liquid loading process in this study. The unified model predictions include pressure
gradient and liquid film velocity. The relationship between pressure gradient and liquid
loading onset as well as the relationship between liquid film velocity and liquid loading

onset are examined in this section.

4.1.1 Liquid Loading Prediction in Vertical Pipe

Figure 21 shows pressure gradient versus superficial gas velocity at superficial
liquid velocities 0.01, 0.05 and 0.1 m/s. The pressure gradient trends indicate that with
superficial gas velocity increase pressure gradient first drops dramatically to (or close to)
the minimum value. With further increase of superficial gas velocity, pressure gradient

will be flat or slightly increase.
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The flow pattern predicted by the Zhang et al. unified model during the sharp
drop of pressure gradient is intermittent flow (or slug flow). At the minimum pressure
gradient, liquid loading experiences a transitional change based on model predictions and
experimental data. The critical gas flow rate is defined as corresponding to the minimum
pressure gradient. If gas flow rate is lower than the critical value, liquid loading should
occur. Table 1 lists the critical superficial gas velocities and the correspondent minimum

pressure gradients at different superficial water velocities in vertical pipe.
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Figure 21: Pressure Gradient vs. Superficial Gas Velocity in Vertical Pipe

Table 1: Critical Gas Superficial Velocities at Different Superficial Water Velocities in

Vertical Pipe
Vsw, Vsce, (Dp/dL)wm, o .
m/s m/s Pa/m 0, Loading
0.01 10.0 426.02 90 Yes
0.05 12.6 457.76 90 Yes
0.10 17.4 493.99 90 Yes
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Table 2: Liquid Loading Related to Liquid Film Velocity in Vertical Pipe

No. VsG Vs VE Looraﬁllontg
m/s | m/s m/s -
1 30.0 | 0.005 | -0.11 No
2 27.5 | 0.005 | -0.20 No
3 25.0 | 0.006 | -0.26 No
4 22.6 | 0.006 | -0.31 No
5 20.0 | 0.006 | -0.35 No
6 175 | 0.006 | -0.41 No
7 15.0 | 0.006 | -0.47 Yes
8 125 | 0.005 | -0.51 Yes
9 10.1 | 0.005 | -0.57 Yes
10 30.1 | 0.01 -0.18 No
11 27.5 | 0.01 -0.22 No
12 25.1 | 0.01 -0.17 No
13 225 | 0.01 -0.25 No
14 20.0 | 0.01 -0.32 No
15 175 | 0.01 -0.41 No
16 15.1 | 0.01 -0.48 Yes
17 12.6 | 0.01 -0.54 Yes
18 10.0 | 0.01 -0.60 Yes
19 30.0 | 0.02 -0.18 No
20 27.5 | 0.02 -0.24 No
21 25.0 | 0.02 -0.31 No
22 22.6 | 0.02 -0.35 No
23 20.0 | 0.02 -0.39 No
24 17.5 | 0.02 -0.39 No
25 15.0 | 0.02 -0.26 Yes
26 12.4 | 0.02 -0.49 Yes
27 10.0 | 0.02 -0.58 Yes
28 30.0 | 0.05 -0.21 No
29 27.4 | 0.05 -0.11 No
30 25.0 | 0.05 -0.33 No
31 22.6 | 0.05 -0.38 No
32 20.0 | 0.05 -0.42 No
33 175 | 0.05 -0.38 No
34 149 | 0.05 -0.45 Yes
35 12.6 | 0.05 -0.55 Yes
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36 9.9 | 0.05 -0.61 Yes
37 250 | 0.1 -0.23 No
38 | 224 | 01 -0.39 No
39 200 | 0.1 -0.44 Yes
40 174 | 0.1 -0.46 Yes
41 150 | 01 -0.31 Yes
42 125 | 01 -0.54 Yes

Liquid film velocities are calculated using Zhang et al. (2003) unified model. The
flow conditions correspond to the experimental setups in Yuan (2011) study. Table 2 lists
the liquid loading status and the correspondent gas and liquid superficial velocities as
well as the liquid film velocities in vertical pipe. Most of liquid loading cases correspond
to reversal (downward) film velocities higher than 0.3 m/s, and most of unloading cases
occur when the correspondent reversal film velocities are lower than 0.3 m/s. Therefore,
the liquid loading onset occurs at a downward (negative) film velocity rather than at the

beginning of the film velocity reversal namely zero film velocity.
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Figure 22: Liquid Loading Onset Related to Film Velocity in Vertical Pipe

As shown in Figure 22, liquid loading and unloading cases are identified on the

VsL ~ Vsg plane. Two boundaries corresponding to film velocities -0.4 and -0.3 m/s are

generated from model simulations. It is seen that the liquid loading onset roughly

corresponds to film velocity -0.4 m/s. The critical gas superficial velocity is about 18 m/s.

4.1.2 Liquid Loading Prediction in 75° Pipe

Figure 23 shows pressure gradients against superficial gas velocities at different

superficial liquid velocities 0.01, 0.05 and 0.1 m/s.
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Figure 23: Pressure Gradient vs. Superficial Gas Velocity in 75° Pipe

Compared with vertical pipe flow, similar trends and behavior of pressure

gradients in 75° pipe are observed. The critical gas superficial velocities corresponding to

the minimum pressure gradients are listed in Table 3.

Table 3: Critical Gas Superficial Velocities at Different Superficial Water Velocities in

75° Pipe
Vsw; Vsaes (Dp/dL)m, o :
m/s m/s Pa/m o, Loading
0.01 10.0 377.35 75 Yes
0.05 12.5 411.57 75 Yes
0.10 125 450.29 75 Yes
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Table 4 lists the liquid loading/unloading status corresponding to different
superficial gas and liquid velocities as well as the liquid film velocities in 75° pipe. Film
velocities of liquid loading cases vary significantly. However, almost all unloading cases
correspond to reverse film velocities lower than 0.3 m/s.

Figure 24 shows liquid loading/unloading cases on the vs. ~ vsg plane.
Boundaries corresponding to the same liquid film velocities are also generated with the
Zhang et al. unified model. As can be seen, the liquid film velocity of -0.3 m/s is close to

the liquid loading onset boundary.

Table 4: Liquid Loading Related to Liquid Film Velocity in 75° Pipe

No. VsG VsL VE I—Ooraglg]tg
m/s | m/s m/s -
1 29.9 | 0.005 | -0.13 No
2 27.5 | 0.006 | -0.16 No
3 25.0 | 0.006 | -0.25 No
4 22.5 | 0.006 | -0.30 No
5 20.2 | 0.006 | -0.34 No
6 17.4 | 0.006 | -0.61 Yes
7 15.0 | 0.005 | -0.85 Yes
8 12,5 | 0.006 | -1.08 Yes
9 10.0 | 0.005 | -1.28 Yes
10 | 30.0 | 0.01 | -0.16 No
11 | 275 | 0.01 | -0.21 No
12 | 249 | 001 | -0.18 No
13 | 225 | 0.01 | -0.23 No
14 | 20.1 | 0.009 | -0.33 No
15 | 17,5 | 0.009 | -0.61 Yes
16 | 15.0 | 0.009 | -0.90 Yes
17 | 125 | 0.009 | -1.11 Yes
18 | 100 | 0.01 | -1.33 Yes
19 | 299 | 0.02 | -0.18 No
20 | 275 | 0.02 | -0.22 No
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21 | 25.0 | 0.02 | -0.30 No
22 | 225 | 0.02 | -0.35 No
23 | 20.0 | 0.02 | -0.38 Yes
24 | 175 | 0.02 | -0.34 Yes
25 | 15.0 | 0.02 | -0.85 Yes
26 | 125 | 0.02 | -1.11 Yes
27 | 10.0 | 0.02 | -1.34 Yes
28 | 30.0 | 0.05 | -0.17 No
29 | 225 | 0.05 | -0.37 No
30 | 20.1 | 0.05 | -0.41 Yes
31 | 175 | 0.05 -0.53 Yes
32 | 15.0 | 0.05 | -0.93 Yes
33 | 125 | 0.05 | -1.12 Yes
34 99 | 005 | -1.28 Yes
35 | 300 0.1 -0.20 No
36 | 275 | 0.1 -0.27 No
37 | 250 | 0.1 -0.23 Yes
38 | 225 | 0.1 -0.37 Yes
39 | 200 | 0.1 -0.43 Yes
40 | 175 | 0.1 -0.53 Yes
41 | 150 | 0.1 -0.93 Yes
42 | 125 | 0.1 -1.10 Yes
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Figure 24: Liquid Loading Onset Related to Film Velocity in 75° Pipe

4.1.3 Liquid Loading Prediction in 60° Pipe

Figure 25 shows the pressure gradient changes with superficial gas velocity
increase at different superficial liquid velocities in a 60° pipe. The pressure gradient
trends are consistent with the 75° pipe and vertical pipe trends. The sharp pressure
gradient decreases with gas flow rate increase are corresponding to intermittent flows.

The critical gas superficial velocities and the correspondent minimum pressure gradient

are listed in Table 5.
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Figure 25: Pressure Gradient vs. Superficial Gas Velocity in 60° Pipe

Table 6 lists the liquid loading and unloading status under different superficial gas
and liquid velocities as well as the correspondent liquid film velocities. Most of the liquid

loading cases correspond to the reverse liquid film velocity higher than 0.2 m/s.

Table 5: Critical Gas Superficial Velocities at Different Superficial Water Velocities in

60° Pipe
Vsw, Vsae, (Dp/dL)m, o :
m/s m/s Pa/m o, Loading
0.01 10.0 348.44 60 Yes
0.05 125 379.85 60 Yes
0.10 14.9 410.4 60 Yes
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Table 6: Liquid Loading Related to Liquid Film Velocity in 60° Pipe

No. VsG Vs VE Looragllontg
m/s | m/s m/s -
1 30.0 | 0.005 -0.08 No
2 27.5 | 0.005 -0.06 No
3 24.9 | 0.005 -0.35 No
4 22.6 | 0.005 -0.53 No
5 20.0 | 0.005 -0.72 Yes
6 17.4 | 0.006 -0.92 Yes
7 15.0 | 0.006 -1.09 Yes
8 12.5 | 0.005 -1.26 Yes
9 10.0 | 0.005 -1.49 Yes
10 | 30.0 | 0.01 -0.11 No
11 | 275 | 0.01 -0.18 No
12 | 20.0 | 0.01 -0.75 Yes
13 | 175 | 0.01 -0.95 Yes
14 | 15.0 | 0.01 -1.12 Yes
15 | 126 | 0.01 -1.31 Yes
16 | 10.0 | 0.01 -1.55 Yes
17 | 30.0 | 0.02 -0.12 No
18 | 275 | 0.02 -0.17 No
19 | 25.0 | 0.02 -0.38 No
20 | 225 | 0.02 -0.50 Yes
21 | 20.0 | 0.02 -0.42 Yes
22 | 175 | 0.02 -0.89 Yes
23 | 15.0 | 0.02 -1.12 Yes
24 | 126 | 0.02 -1.32 Yes
25 | 10.0 | 0.02 -1.56 Yes
26 | 29.8 | 0.05 -0.05 No
27 | 275 | 0.05 -0.21 Yes
28 | 25.0 | 0.05 -0.41 Yes
29 | 22,6 | 0.05 -0.50 Yes
30 | 20.0 | 0.05 -0.74 Yes
31 | 175 | 0.05 -0.98 Yes
32 | 149 | 0.05 -1.15 Yes
33 | 12,5 | 0.048 -1.29 Yes
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34 30.0 0.1 -0.11 No
35 275 0.1 -0.19 Yes
36 25.0 0.1 -0.13 Yes
37 | 174 | 0.1 -0.99 Yes
38 14.9 0.1 -1.14 Yes
39 124 0.1 -1.20 Yes
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Figure 26: Liquid Loading Onset Related to Film Velocity in 60° Pipe

Figure 26 shows the liquid loading/unloading map on the vs. ~ vsg plane. The
two trend lines correspond to two liquid film velocities of -0.2 and -0.4 m/s calculated by
the unified model. It appears that the liquid loading onset corresponds to a reverse liquid

film velocity 0.2 m/s, which is slightly lower than that in the 75° and vertical pipes.
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4.1.4 Comparison with Experimental Data

In Table 7, critical gas superficial velocities for liquid loading onset estimated
using the minimum pressure gradient method and film velocity reversal method are
compared with critical gas superficial velocities observed in the experimental study from
Yuan (2011). The comparison shows that the overall critical gas superficial velocities
estimated with the minimum pressure gradient method have larger discrepancies from the

experimental data. Liquid film reversal is a better indicator of liquid loading onset.

Table 7: Liquid Loading Onsets Predicted by Minimum Pressure Gradient Method and

Film Reversal Method Compared with Experimental Observations

Vs, VsG,exp | VsG,dPidL | VG, film velocity | g o _dp/dL, _VF,
m/s m/s m/s m/s ’ Discrepancy | Discrepancy
0.01 15.1 10.0 18.0 90 34% 19%
0.05 14.9 12.6 15.8 90 15% 6%
0.10 20.0 17.4 22.5 90 13% 13%
0.01 175 10.0 21.0 75 43% 20%
0.05 20.1 125 26.0 75 38% 29%
0.10 25.0 12.5 24.0 75 50% 4%
0.01 20.0 10.0 25.0 60 50% 25%
0.05 27.5 125 25.8 60 55% 6%
0.10 27.5 14.9 26.2 60 46% 5%

Intuitively, liquid loading onset should correspond to liquid film velocity zero,
since liquid film reverse flow will cause liquid accumulation in a well. However, the
model simulated liquid film velocities corresponding to the liquid loading onset shown in
Figures 22, 24 and 26 are around -0.3 m/s for flows in vertical, 75° and 60° pipes. This

means the liquid entrained in the gas core area is even higher than the liquid flow rate.
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In Yuan (2011) experiments, the movement of gas bubbles in liquid film was
observed to represent liquid film velocity. However, slippage exists between gas bubbles
and liquid film. Therefore, the gas bubble velocity observed in the experiment is the

slippage velocity plus the film velocity (Figure 27):

Vg =Vp +V 1
Vs is slippage velocity, m/s. vg is the gas bubble velocity in the liquid film, m/s. vg is the
liquid film velocity along the tubing, m/s.

Harmathy (1960) proposed a correlation to calculate slippage velocity, which is

also called bubble-rise velocity:

Ve =1'53|:90|_(PL—PG)1/4:| >

pt

oL is liquid-gas interfacial tension, N/m. With gas and liquid properties, the slippage
velocity between the gas bubbles and liquid film can be obtained, which is summarized in

Table 8.

Liquid | Gas Flow

Film e
\_ 5 Tubing

Liquid

ﬂ Droplet
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Figure 27: Slippage between Gas Bubble and Liquid Film
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As can be seen from Table 8, the calculated slippage velocity is 0.25 m/s based on
Harmathy (1960) model. Accordingly in a vertical pipe, if the observed bubble velocity is
0, the liquid film is likely flowing downward with a velocity of -0.25 m/s. Therefore, the
liquid loading onset boundary should correspond to a film velocity of about -0.25 m/s

which is close to the model predictions.

Table 8: Fluid Properties and Slippage Velocity

Fluid Properties Slippage
g, m/s? 9.81
, kg/m® 998.0
Pr. 9 Vs, m/s 0.25
pc, kg/m® 1.27
6L, N/m 0.073

Liquid droplets are entrained from liquid film by the gas core and flow upward.
Part of the liquid droplets deposit on the liquid film. The entrainment of liquid droplets
exceeds the liquid flow rate when liquid film flows downward. This phenomenon also
explains that although liquid loading may occur at the bottom hole, some liquid is still
carried to the wellhead.

More simulations are carried out with the Zhang et al. (2003) unified model.
Figure 28 shows the calculated trends of film velocities with varying superficial gas

velocity at superficial liquid velocities 0.005, 0.05 and 0.1 m/s in vertical, 75° and 60°

pipes.
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Figure 28: Liquid Film Velocity vs. Superficial Gas Velocity at Superficial Liquid

Velocities 0.005, 0.05 and 0.1 m/s in Vertical, 75° and 60° Pipes

Film velocity increases from negative value to positive value as superficial gas
velocity increases. At low gas flow rate, gas flow is unable to carry liquid film upward.
Liquid flows upward as liquid slugs or big waves supported by gas flow. With gas
velocity increase the liquid film downward velocity becomes lower and the liquid holdup
sharply decreases. As a result, liquid accumulation is reduced and the well is unloaded.
When gas velocity is further increased, liquid film will turn around and flow upward. The
liquid holdup becomes very low and gravitational pressure gradient is small compared to

frictional pressure gradient.
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4.2 Plunger Lift Model Simulation Results
In this section, the new plunger lift model simulation results are presented and
discussed. Water and oil case studies are conducted. Simulation results are compared

with predictions of previous models.

4.2.1 Water Case
The water case inputs are from Lea (1982) and Gasbarri and Wiggins (2001)

studies as listed in Appendix A.

Table 9: Water Case Study Results

Gas Production Rate, SCF/D 897,657.0
Liquid Production Rate, STB/D 141.2
Minimum Casing Pressure, psig 185.5
Maximum Casing Pressure, psig 1,944.5
Minimum Tubing Pressure, psig 216.6
Maximum Tubing Pressure, psig 2,320.0

Cycles per Day 18.2
Average Upstroke Velocity, ft/min 2,772.6

Slug Surface Arrival Time, s 92.0

Plunger Surface Arrival Time, s 101.0
Blowdown Time, s 3,600.0
Build Up Time, s 958.0

Build Up Casing Pressure, psig 1,031.0

The base input parameters are borrowed from Lea case study and Gasbarri and
Wiggins case study. The rest required information is assumed from industry experience.

The assumed simulation inputs lead to significant difference in the simulation results
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from the original cases. Thus, in the new model case study, the main objective is to verify
the trends, rather than the quantitative values.

Simulation results of the water case are shown in Table 9. Gas production rate is
897,657.01SCF/D and liquid production rate is 141.15 STB/D. Plunger lift build-up time,
958.0 s, and blowdown time, 3600.0 s, are determined by reservoir performance and
liquid accumulation, respectively. The time cycle, 4747.0 s, is much longer than 1250.0 s
presented by Gasbarri and Wiggins case study. The longer time cycle may be due to
different reservoir characteristics used in the water case study. Additional figures of
plunger lift water case are shown in Appendix A.

In the present model the calculation of gas section part has been improved
compared to the Gasbarri and Wiggins model. Figure 29 shows the comparison of the
new model predicted gas flow rate (in gas section) with Gasbarri and Wiggins model
prediction. The Gasbarri and Wiggins model (red line) predicts a gas velocity about 810.6

m/s at the peak, which is much higher than the local sound speed 421.9 m/s.
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Figure 30: Plunger Velocity vs. Well Depth for Water Case
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In our new plunger lift model, the unrealistic over prediction of the gas flow rate
in the previous model has been improved. If local gas velocity reaches the sound speed,
the gas flow rate in the new model is kept constant. This is why a big difference between
the new model and the Gasbarri and Wiggins model is observed in Figure 29.

Figure 30 shows the plunger velocity versus well depth predicted by the new
model compared with Lea model and Gasbarri and Wiggins model. Similar trends are
predicted by the previous models and the present model, although the reservoir depth and
productivity of the current water case are higher. From bottomhole, plunger velocity
increases (acceleration) due to reservoir pressure energy exerted on plunger and liquid
slug. After plunger velocity reaches the maximum value, its velocity decreases gradually
because of gravity. After liquid slug arrives at the surface, plunger velocity increases
again due to the pressure difference increase between upstream and downstream of the
plunger.

The plunger velocity curve (blue curve) predicted by the new model is smoother
compared with Lea model prediction which gives sharp turning points at the transitions
between different stages. The difference is due to that Lea model is a static model while
the new model is a dynamic model.

Figure 31 presents plunger velocity change with time for the entire working cycle.
The red curve denotes Gasbarri and Wiggins model prediction and the blue curve is the
prediction of the new model in this study. Plunger velocity increases at beginning
corresponding to the plunger upstroke process. Then, plunger velocity remains zero for a
certain period of time for blowdown. The new model has longer blowdown time, while

Gasbarri and Wiggins model has much shorter blowdown time.
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Figure 31: Plunger Velocity Corresponding to Plunger Depth for Water Case

The negative plunger velocity corresponds to the downstroke phase. As shown by
the blue curve, plunger falls down in the tubing with high velocity in the gas phase. Due
to gravity effect, plunger falling velocity increases gradually with time. When the plunger
enters in liquid phase, its falling velocity decreases becasue of buoyancy and resistance of
liquid. Finally, plunger falling velocity returns to zero when it hits the bottom seat and
starts the the buildup phase. In the Gasbarri and Wiggins case study (red curve),
obviously, the plunger falling velocity was constant at 1000 ft/min in gas phase and 175

ft/min in liquid phase.
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4.2.2 Oil Case

The detailed input parameters for the oil case study are listed in Appendix A.
Some of these parameters are from Lea (1982) oil case study. The other required inputs
are assumed based on a typical high GOR oil well production. Table 10 summarizes
simulation results of the oil case. Compared with Gasbarri Wiggins model simulation
results and field data indicated from Lea paper and Gasbarri and Wiggins paper, these
values are reasonable. Additional figures of plunger lift oil case are shown in Appendix

A

Table 10: Oil Case Study Results

Gas Production Rate, SCF/D 419,877.5
Liquid Production Rate, STB/D 77.1
Minimum Casing Pressure, psig 158.8
Maximum Casing Pressure, psig 1,678.8
Minimum Tubing Pressure, psig 185.3
Maximum Tubing Pressure, psig 1,999.5

Cycles per Day 32.2
Average Upstroke Velocity, ft/min 3,138.9

Slug Surface Arrival Time, s 85.0

Plunger Surface Arrival Time, s 90.0
Blowdown Time, s 1,848.0
Build Up Time, s 554.0

Build Up Casing Pressure, psig 628.0

Figure 32 shows the plunger velocity change with well depth for the oil case
study. Compared to water case study, similar plunger velocity trends are obtained. The
big difference appeared in the new model prediction is due to small volume of liquid slug
above the plunger. Because of the small resistance and different reservoir performance

functions used in those models where productivity methods are used in the new model

62



and the backpressure method is employed in the Gasbarri and Wiggins model, high
plunger acceleration is generated by the pressure energy under the plunger from
reservoir. Thus, plunger upstrokes velocity increases very quickly because of the high

plunger acceleration. High gas production rate from reservoir also contributes to this

difference.
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Figure 32: Plunger Velocity for Oil Case

Figure 33 presents plunger velocity changes with time for the oil case. The trends
are similar as that of the water case. Compared with Gasbarri and Wiggins case study, the
new oil case has longer blowdown and build up time due to different reservoir properties
used in the case study which Gasbarri and Wiggins did not provide. The previous model
assumed constant plunger falling velocities in both gas and liquid phases. The new model

considers plunger falling acceleration in down stroke.
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Figure 33: Plunger Velocity vs. Time for Oil Case
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1  Summary and Conclusions
5.1.1 Liquid Loading Onset
After analyzing the mechanistic model simulation results and comparing with
previous experimental data, several conclusions can be made:

1. Liquid loading onset in gas well is analyzed through simulations using Zhang et al.
(2003) unified model for gas-liquid flows in vertical, 75° and 60° pipes. Comparing
with experimental data from Yuan (2011), the simulation results indicate that liquid
loading onset corresponds to a reverse liquid film velocity around 0.3 m/s. This is
contradictory to the common understanding that liquid loading starts at the beginning
of liquid film reversal.

2. In Yuan (2011) experiments, liquid film flow direction was traced by gas bubbles in
liquid film. A slippage velocity about 0.25 m/s exists between liquid film and gas
bubbles. Therefore, stagnant gas bubbles are likely corresponding to a downward film

velocity about 0.25 m/s, which is close to that observed in the model simulations.
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5.1.2 Plunger Lift Modeling

1.

A new plunger lift model is developed in this study, combining advantages of the
Gasbarri and Wiggins model (2001) and Lea model (1982). A plunger lift simulator is
also programmed using Visual Basic.

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 balance.

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

speed.

52  Recommendations

In this study, the new model is compared with simulation results of other existing
plunger lift models. The new closure relationships used in the new model need to be
verified with experimental results. For example, plunger falling experiments can be
conducted to validate the plunger acceleration and drag coefficients.

Liquid leakage between plunger and tubing during the plunger travelling in the tubing
needs to be included in the plunger lift model. New model of liquid leakage should be
developed in future study.

Additional field data from industry will help improve the prediction accuracy of the

proposed plunger lift model by fine tuning the new closure relationships.
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Symbol
a,

AL
Aprojected
at
Atubing
Cyq

o

do
Dplunger
dr

Ex

fL

Hir

His

NOMENCLATURE

Description

acceleration in surface pipeline
pipeline cross sectional area
projected area

acceleration in tubing

tubing cross section area

drag coefficient

total compressibility

pipe diameter

plunger diameter

tubing diameter

Kinetic energy

liquid friction factor for surface pipeline
liquid friction factor for tubing
gravitational acceleration
thickness of pay zone

liquid holdup

liquid film holdup

slug liquid holdup

permeability
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myL
mi ¢
Mparticle
Mplunger
P1

P2

Ps3

Pe

Psc

Pw

upL
Ut
Vc

VF

VF

film length

length of pipeline

slug length in tubing

liquid mass in surface pipeline
liquid mass in tubing

mass of falling particle

mass of plunger

pressure below the plunger
pressure above liquid slug in tubing
pressure at front of slug in pipeline
reservoir pressure

standard condition pressure
bottomhole pressure

drainage radius

drainage radius

wellbore radius

temperature

standard condition temperature
control volume velocity in surface pipeline
control volume velocity in tubing
gas core velocity

film velocity

film velocity
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Ve gas velocity

Vgas-bubble gas bubble velocity in liquid film
ViL liquid velocity in surface pipeline
Vit liquid velocity in tubing

Viiquid-film liquid film velocity in tubing
Vplunger plunger velocity

VsG superficial gas velocity

VsL superficial liquid velocity

Vslip slip velocity

Vsw superficial water velocity

VT slug translational velocity

Vi terminal velocity

Viturner terminal velocity from Turner et al.
Vizhou terminal velocity from Zhou et al.
w mass of liquid slug

Z gas compressibility factor

Zsc gas compressibility factor at standard condition

Greek Letters

Symbol Description

a coefficient from Zhou et al.

p coefficient from Zhou et al.

K empirical friction factor of tee section
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PG

Pg.sC

PL

o

Pparticle

oL

viscosity

inclination angle

density

gas density

gas density at standard condition
liquid density

liquid slug density

density of particle

gas-liquid interfacial tension
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APPENDIX A

ADDITIONAL TABLES

The input parameters for case studies are listed in the following tables.

Table 11: Well Geometry for Water Case

Well Depth, m | 2428 Plunger OD, m 0.073
Tubing ID, m | 0.075 | Plunger Mass, kg 20
Tubing OD, m | 0.077 Plunger Type Casing to Tubing
Casing ID, m 0.1

Table 12: Surface Parameters for Water Case

Surface Line Length, m 50
Surface Line ID, m 0.075
Separator Pressure, MPa 1.2

Table 13: Reservoir Parameters for Water Case

Pore Pressure, MPa 16 Surface Temperature, K 293
Gas Permeability, mD 100 Well Diameter, m 0.216
Reservoir Thickness, m 10 Liquid Gas Ratio 0.00002

Drainage Radius, m 50 Coefficient C 0.84

Geothermal Gradient, K/m | 0.03 Exponent n 1.34

Table 14: Fluid Properties for Water Case

Liquid Density, kg/m®

1000

Gas Specific Density

0.60

Initial Slug Length, m 300




Table 15: Well Geometry for Oil Case

Well Depth, m | 2428 Plunger OD, m 0.05
Tubing ID, m | 0.051 | Plunger Mass, kg 5
Tubing OD, m | 0.06 Plunger Type Casing to Tubing
Casing ID,m | 0.116

Table 16: Surface Parameters for Oil Case

Surface Line Length, m 50
Surface Line ID, m 0.051
Separator Pressure, MPa 0.41

Table 17: Fluid Properties for Oil Case

Liquid Density, kg/m®> | 860
Gas Specific Density 0.6
Initial Liquid Length, m | 200

Table 18: Reservoir Parameters for Oil Case

Pore Pressure, MPa 13.79 | Surface Temperature, K 293.15
Gas Permeability, mD 80 Well Diameter, m 0.216
Reservoir Thickness, m 15.24 Liquid Gas Ratio 0.00002

Drainage Radius, m 358.9 Coefficient C 0.84

Geothermal Gradient, K/m | 0.03 Exponent n 1.34

Table 19: Special Parameter for Water and Oil Case

Absolute Roughness, m

0.00025




ADDITIONAL FIGGURES FOR WATER CASE AND OIL CASE

40

30

20

10

1 10 100 1000 10000
ts

Figure 34: Plunger Velocity vs. Time for Entire Cycle (Water Case)
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Figure 35: Gas Production Rate below Plunger vs. Time for Entire Cycle (Water Case)
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Figure 36: Pressure above Plunger vs. Time for Entire Cycle (Water Case)
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Figure 37: Plunger Acceleration vs. Time for Entire Cycle (Water Case)
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Figure 38: Overall Gas Production Rate vs. Time for Entire Cycle (Water Case)

83



2500

2000

1500

wi» PSIg

Q- 1000

500

1 10 100 1000 10000
t,s

Figure 39: Well Flowing Pressure vs. Time for Entire Cycle (Water Case)
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Figure 40: Liquid Slug Accumulations in the Well vs. Time for Entire Cycle (Water
Case)
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Figure 41: Inlet Pressure vs. Time for Entire Cycle (Water Case)
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Figure 42: Plunger Velocity vs. Time for Entire Cycle (Oil Case)
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Figure 43: Gas Production Rate below Plunger vs. Time for Entire Cycle (Oil Case)
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Figure 44: Pressure above Plunger vs. Time for Entire Cycle (Oil Case)
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Figure 45: Plunger Acceleration vs. Time for Entire Cycle (Oil Case)
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Figure 46: Overall Gas Production Rate vs. Time for Entire Cycle (Oil Case)
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Figure 47: Well Flowing Pressure vs. Time for Entire Cycle (Oil Case)
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Figure 48: Slug Accumulation vs. Time for Entire Cycle (Oil Case)
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Figure 49: Inlet Pressure vs. Time for Entire Cycle (Oil Case)
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APPENDIX B

AUXILIARY EQUATIONS

Supplement equations used in the new plunger lift model are presented below

The Runge-Kutta algorithm is used in the program to solve momentum equations.
Temperature:

dT

T=T +h—
surface dL

Reynolds Number:

Hsc
Local sonic velocity:

1.31P
Pgas

General pressure calculation:

P= Py gh+ I:)seperator

Gas velocity:

Q

Vgas __<gas

z D2

4
Gas mass:

mg :1.297/gaSngscAt
Acceleration:
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In-situ gas flow rate:

01%10%z T
Qq =Qq.sc P 273.15

Standard gas flow rate:

Vg Apgas—insitu

Q =
g,5C
1.29% gus
Friction factor:
. = £
174
5.452
X2 =
4Re

X3 = —2Iog(x2 - xl)

When X1-X5>,

1
X3

f =

Other conditions:

Pressure loss due to friction:

9 gasV
P, = ggasgL
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