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ABSTRACT

Analyzing Pressure and Temperature Data from Smart Plungers to Optimize Lift Cycles.
(December 2008)
Gopi Krishna Chava, B.E. (Hons.), Birla Institute of Technology & Science - Pilani

Chair of Advisory Committee: Dr. Gioia Falcone

The problem of liquid loading is common for all gas producing wells and should be
identified and solved for efficient gas production. Production engineers and operators
need to choose the best solution possible, one that is cost effective and also efficient in
doing the job. The plunger lift operation is a cost-effective solution to this liquid loading
problem and also is efficient in increasing the gas production. However, the current
understanding of plunger lift operation has used field experience and some previous
models that have restrictive assumptions which might not be applicable for all plunger lift
installations. This research proposes a new plunger lift model that overcomes some of the
limiting assumptions of earlier models by using additional data available in the form of
pressure and temperature from new technology like smart plunger. The model is based on
fundamental principles of mass conservation and pressure balance, and uses the smart
plunger data as input. The implementation of the model is carried out in user-friendly and
easily accessible software like Excel VBA (Visual Basic Applications). The model
predicts the plunger velocity, plunger position and annulus liquid level during an upward
travel of the plunger in an onshore gas well in East Texas. The results of model

implementation in VBA show the importance of fluid properties for the model, apart



v
from indicating that the model is optimized for the given set of input data. The model
developed in this research considers only pressure drop due to gravitational effects, and
thus provides a scope for improvement in modeling the plunger lift dynamics by adding

frictional and acceleration components. This research also provides recommendations for

future work that can be carried out on plunger lift modeling using smart plungers.
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CHAPTER 1

INTRODUCTION

1.1. Overview
This section provides a brief overview of the phenomenon of liquid loading followed by

an overview of plunger lift which is an artificial lift method to solve liquid loading.

1.1.1. Liquid Loading

Liquid loading is a common problem encountered in gas wells and is even more
detrimental in cases of mature gas fields. Liquid loading occurs when the gas produced
from a reservoir loses the ability to lift the coproduced liquids into the tubing. These
coproduced liquids get accumulated at the bottom of wellbore tubing which results in
increased backpressure on the formation and causes an increase in the bottomhole
pressure. This increase in the flowing bottomhole pressure in turn causes a reduction in
the reservoir production rate and, under extreme loading conditions, may kill the well.
The problem of liquid loading is tackled using a variety of artificial lift methods, which

are applied depending on certain operating conditions and economics.

1.1.2. Plunger Lift

Plunger lift is one of the artificial lift methods used for solving liquid loading problem.

Plunger lift operation involves the cyclic travel of a piston (plunger) up and down in the

This thesis follows the form and style of the SPE Journal.
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tubing string, between the bumper spring and the wellhead, in order to remove the liquid
that has accumulated in the wellbore. Plunger lift uses the energy from the reservoir and
reservoir gas stored in the annulus to lift the accumulated liquid and prevent liquid

loading.

The plunger acts as a solid interface separating the liquids accumulated above the plunger
from the gas providing the energy for lifting the liquids. This solid interface prevents the
production of intermittent slug production from wellbore and also reduces the fallback of
the accumulated liquids. Reduction in the volume of liquid slug originally accumulated is

achieved with the help of such solid interface.

A typical plunger lift cycle in a packerless completion consists of a shut-in period
followed by production of fluids from the wellbore. During the shut-in stage, the flowline
valve at the surface is closed, preventing the flow of fluids to the surface, and the plunger
is dropped to the bottom of wellbore. However, there will be fluid production from the
reservoir into the tubing and annulus during this stage, which causes liquids to be
accumulated in the tubing with some gas above the liquid slug. This shut-in stage
continues for a certain period of time which not only allows the plunger to reach the
bottom of wellbore and sit on the bumper spring, but also allows the casing pressure at
wellhead to reach an adequate value that can support the production of liquid slug. At the
end of shut-in period, the flowline at the surface is opened for fluid production. During
this production period, gas above the liquid slug inside tubing expands into the flow line,
and the plunger lifts the liquids accumulated above it with the support of energy stored in

annular gas and reservoir. The wellbore produces the liquid slug as the plunger
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approaches wellhead. The period starting from the rise of plunger from bumper spring
until the point when it is caught in the lubricator at the wellhead is considered the
“plunger upstroke” period. The plunger upstroke period will be followed by an afterflow
production period during which the gas below the plunger is produced. At the end of this
afterflow period, the flowline valve at the wellhead is closed and the shut-in period of

next cycle starts at this point in time.

Plunger lift is a proven successful method of liquid unloading under a wide variety of
operating conditions. It has major advantages over other artificial lift methods when
applicable, because of the relatively small investment costs and reasonable operating

costs required for plunger lift operation.

Though plunger lift has been used as a successful method of artificial lift for several
decades, very few attempts have been made on the modeling of plunger lift cycles and
using these models to optimize the lift cycles. The lack of plunger lift models provides a
serious drawback for plunger lift operation which then requires very experienced
professionals to operate the plunger lift wells. This research attempts to improve the
understanding of plunger lift operation by utilizing information from a new technology

like smart plunger.

1.1.3. Smart Plungers

The PCS (Production Control Services Inc.) smart plunger consists of a pressure

measuring gauge equipped near the bottom of the plunger. This smart plunger has the



4
added functionality of measuring the pressure and temperature and storing the data in an
internal microprocessor. The operation of the smart plunger is similar to that of a normal
plunger where the smart plunger returns to the surface after each cycle without the use of

wireline or crew.

At the surface, the time vs. pressure and temperature data is downloaded from the smart
plunger into a computer by plugging a cable in to the measuring sensor. This flowing

gradient data can be used by the well operator for further processing.

According to the PCS (Production Control Services Inc.) brochure (2005), the sensor/
logger inside the smart plunger can record pressure data up to 15000 psia with 0.024%
accuracy and temperature data up to 150 ‘C with accuracy of 0.15%. Some other features
of this sensor include:

- Data printouts

- Gradient reports

- Gradient plots

- Multi-run data storage capability

- Up to 10 months of sampling

- User friendly windows software

- Single lithium cell in gauge

- 350 °F operation

The data recorded by a smart plunger can provide useful information about the various

events occurring during a plunger cycle. Such data along with other measured well data



can be used for surveillance and optimization of a plunger lifted well. Fig.1.1 shows
example data from a smart plunger along with measured values of pressures at wellhead,

casing and bottomhole, and meter differential pressure (DP) at the surface.

Fig. 1.1 shows the various events during a plunger cycle that are indicated by a
comparison of the profiles of smart plunger pressure and wellhead tubing pressure. By
observing the trends of wellhead pressure and smart plunger pressure, we can identify
various events like the time the plunger hits the liquid at the bottom of well, the time it
reaches the surface with the slug for production, and the time it is caught in the lubricator
at the surface. For example, at the time when the plunger hits the liquid during its travel
from the surface to the bottom of wellbore is indicated by a change in the gradient of the

pressure profile recorded by smart plunger.
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Figure 1.1 — Chart Showing Use of Smart Plunger Data (Chava, 2008)
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This information can be very useful for surveillance engineers when monitoring the
performance of plunger lifted well. It can also be used as a tool for optimizing the
production of a plunger lifted well and increasing the efficiency of plunger lift. Tubing
holes can be detected easily by observing the presence of sharp changes in the gradients

of pressure and temperature during the plunger cycle.

Smart plunger data has more advantages than simply being used as a surveillance tool.
This data provides additional information for modeling plunger lift cycles that allow
closure of conservation of mass and pressure balance equations applied to different
regions of a plunger lift system. The lack of such information for earlier plunger lift
models required those models to invoke restrictive assumptions that limit their
applicability. The proposed model tries to take advantage of this additional information to
improve the modeling accuracy of plunger lift cycle for increases gas production during

liquid unloading phase.

1.2.  Research Objectives

The main objective of current research is to develop a model that can simulate the
plunger lift operation more realistically. By focusing on the fundamental equations
governing the fluid flow during the plunger cycle (conservation of mass and pressure
balance equations), the research can achieve this objective and try to overcome some of
the assumptions that limited the applicability of earlier plunger models. This approach
requires the use of data available from smart plungers along with other field data as input

data to the model.



The approach we take is to develop the model assuming steady-state conditions for all the
four regions of system discussed in Chapter III. Although transient conditions prevail in
nearly all four regions, the steady-state approach can consider all the regions in the same
state and attempt is made to reduce the time steps to a small value like 10 seconds to
approximately reach the transient conditions. No completely developed model is
currently available that can take an account of the transients in the reservoir, and research
in this area is still in progress. To provide uniform conditions for all four regions, our
approach is a steady-state approach. In the steady-state model, the fundamental equations
are developed in a way that includes the gravitational, frictional, and acceleration terms
in a stepwise manner. The current work focuses on the model that uses only gravitation

terms in the pressure balance equations developed for the model.

Chapter III describes the new proposed plunger lift model in terms of equations that are
derived from fundamental equations applied to different flow regions of the system.
Chapter V provides the results of the model’s implementation in Excel VBA (Visual
Basic Applications) program. It also provides the results and discussions from the
sensitivity analysis work which was carried out to analyze the impact of different
variables of the system on the model and to provide possible recommendations for a

better understanding of the model.



CHAPTER 11

CRITICAL REVIEW OF EARLIER PLUNGER LIFT MODELS

Many models of plunger lift operation have been developed over the past few decades,
but only few of them are extensively published or used in the industry. The models
described in this chapter illustrate the improvements made in later plunger models by
building on the understanding and usage of earlier models. The models that had
significant improvement over earlier models are critically reviewed with an emphasis on
their underlying assumptions and approach for development and deployment of the
model. This review explains the models in terms of two categories. Category 1 models
that are explained in first section consider a constant average value of plunger rise
velocity whereas category 2 models explained in the second section of this chapter
consider dynamic analysis with variable plunger velocity during plunger upstroke. The
possible improvements in modeling are explained in the third section of this chapter

before explaining the model development in next chapter.

2.1. Static Plunger Lift Models

Foss and Gaul (1965) developed the first static model on plunger lift upstroke based on
their experiences in the Ventura Avenue Field. They developed their static model using
the data from a number of packerless plunger lifted wells with high gas-liquid ratios.
Their model predicted important plunger-lift parameters like average surface casing
pressure, tubing pressure, and load size and gas requirements in cycles per day for a wide
range of operating conditions. Though the model’s predictions agreed reasonably well
with the field results, the model was limited in its application as it did not consider the

changes in reservoir performance, which is critical in most low pressured reservoirs. It
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considers that the energy support for the plunger to lift the liquids comes completely from
energy stored in annulus gas. This might not be applicable for plunger lifted installations
with packers in the annulus. Some of the major assumptions considered in their model are

that the model,

e Neglects the pressure effects caused by plunger friction.

e Assumes that there are slight gas-column pressure differences between the tubing
and casing/tubing annulus.

e Neglects the pressure changes in the system because of liquid entry beneath
plunger.

e Neglects pressure losses caused by casing-tubing gas friction.

e Assumes an average rise velocity of 1,000 ft/min and a fall velocity of 2,000
ft/min for the plunger through the gas. The fall velocity of the plunger through the

liquid was assumed to be 172 ft/min.

The improvements that can be made to this model are to consider changes in plunger
velocity and to use reservoir inflow performance relationships in the model to account for

reservoir responsces.

Building on the understanding from the model of Foss and Gaul, Hacksma (1972)
developed a model by incorporating an inflow performance relationship (IPR) to account
for reservoir performance in his model. Through this model, Hacksma also tried to
analyze the performance of plunger lifted wells for situations where the plunger lifts the

liquid slug as soon as it falls to the bottom of well.
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Abercrombie (1980) developed a static model similar to that of Foss and Gaul model by
incorporating a more realistic value of plunger fall velocity during buildup stage,
obtained from additional empirical data. In his work, Abercrombie also presented a

discussion of plunger lift design and installations based on operations.

2.2. Dynamic Plunger Lift Models

Lea (1982) developed the first dynamic model focusing on the upstroke stage of plunger
cycle, which considered the velocity of plunger to be varying during its upward travel,
unlike the constant plunger velocity assumed in earlier static models. The assumption of
constant plunger velocity used in the classic Foss and Gaul model, results in prediction of
higher casing pressure requirements. Lea’s model considers the reservoir performance by
using the deliverability equations for a stabilized reservoir flow in its calculations and it
also assumes that the gas phase above the plunger in the tubing is in steady state. The
approach used for this dynamic model was to consider changes in plunger velocity with
time and depth, by using a force balance applied to the plunger and liquid slug. The
equations developed with this approach are then incorporated into a computer simulation
program for analyzing plunger lifted wells. Some of the major assumptions made in this

model are

e Average gas production rates are low enough to rely on plunger lift assistance.

e There is no flow of liquid back in to the formation so that the liquid slug size
remains unchanged.

e No gas slippage or liquid fallback past the plunger during the plunger’s upward

travel in the tubing.
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Though this model considered varying plunger velocity, it gives scope for improvement
by accounting for transient reservoir performance and the possibility of two-phase flow
below the plunger during its upstroke. Also further improvements in modeling are
possible by considering complete plunger cycle instead of focusing on just the upstroke

of plunger lift cycle.

Rosina (1983) developed a dynamic model similar to Lea’s model by focusing on plunger
lift upstroke, but incorporated liquid fallback into his model by comparing model

simulations with experimental results.

Avery (1988) built on Foss and Gaul’s model by adding a simple downstroke model for
an oil well to the model for plunger rise stage. This model accounted for reservoir
performance using the Vogel IPR for oil wells with solution gas drive mechanism. This
model also predicted lower casing pressure requirements than those of Foss and Gaul

model.

Marcano and Chacin (1994) developed a dynamic model for complete plunger lift cycle
based on the conservation equations of mass and momentum. The major advances made
by this modeling work are that it accounts for liquid fallback past the plunger during its

upward travel and models complete plunger lift cycles.

Baruzzi and Alhanati (1995) developed a simple hydrodynamic model based on
experimental results to describe plunger lift operation in oil wells. This model predicted

that maximum production is obtained corresponding to minimum build up pressure.

Gasbarri and Wiggins (1997) improved the dynamic modeling of plunger lift operation

by considering complete plunger lift cycle for modeling, and also incorporating the
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effects of separator and flowline. It differed further from Lea’s model by considering
transient, single phase gas flow in the tubing above the plunger which predicted lower
plunger accelerations when compared to Lea’s model. The approach followed to develop
this model considers the complete plunger lift system which includes the flowline, tubing
and annulus volumes, in terms of multiple control volumes adjacent to each other.
Momentum balance is applied on the plunger/slug system for each control volume during
upstroke. This model also differentiates between the situations when the slug is in tubing
and when it reaches wellhead to be produced. The equations developed using momentum
balance for different control volumes are implemented in a computer program using

FORTRAN. Some of the major assumptions used in the development of this model are

e Single phase gas is present below plunger during upstroke.
e Liquid produced into the tubing is accumulated at the bottom of tubing and is not
pushed back into the formation.

e No gas slippage past the plunger during the plunger’s upstroke.

Though better than earlier models, this model provides scope for improvement by
considering transient reservoir performance as opposed to the stabilized reservoir

deliverability and the possibility of two-phase flow below the plunger during its upstroke.

Tang and Schmidt (1997) developed a dynamic model by considering the changes of
tubing and casing pressures to qualitatively explain the liquid accumulation mechanism
occurring at the bottom of wellbore. This model also considered the characteristics of
liquid fallback and resistance force opposing the motion of plunger. This model
considered force balance on the plunger during upstroke and down stroke to account for

the varying plunger velocity. This model suggested that there exists liquid transfer at the
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bottomhole from the tubing to annulus during shut-in period, by observing the changes of

wellhead tubing and casing pressures.

Maggard et al. (2000) developed a dynamic plunger lift model that can be applied to tight
gas wells. Dynamic models developed prior to Maggard’s model used stabilized reservoir
deliverability equations to account for reservoir performance, but the changes in flowing
bottomhole pressure during a plunger cycle can be incorporated only with a transient
reservoir model, which is much more significant in the case of tight gas wells. Maggard’s
model numerically simulates the entire system: gas flow in the reservoir,
wellbore/annulus effects, and dynamic plunger lift cycles, with the momentum balance
equation being applied to each grid block as the plunger moves up with the slug.
Reservoir performance is modeled using a coupled, real gas, reservoir simulation module,
which is based on the GASSIM simulator described by Lee and Wattenbarger (1996).

Some of the major assumptions used in the development of their model are

e Liquid produced into tubing is prevented from flowing back into the formation by
using a standing valve.

e No gas slippage or liquid fallback past the plunger during the upstroke.

e Water is produced from the reservoir in proportion to the gas with a specified
water yield (units of STB/MMscf).

e Temperature profile is the same for both annulus and tubing.

e Produced reservoir fluids and annulus fluids flow into tubing only during gas
production.

e Reservoir fluids enter the annulus and tubing based on the proportion of their

respective areas.
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This model, which can be applied to tight gas wells because it considers transient

reservoir performance, may be improved by incorporating two-phase flow in the region

below the plunger during its upstroke, considering transient gas expansion in the tubing

and incorporating liquid fallback past the plunger.

2.3. Possible Improvements in Modeling

The models discussed above are limited in their accuracy because of the underlying

assumptions used to develop them. Improvements in modeling can be made by

considering situations close to reality. The possible developments that can be included in

the new model taking advantage of the data from smart plungers are:

1.

2.

Two-phase flow conditions inside the tubing below the plunger during its upward
travel. The sudden release of high pressure built up during shut-in stage, with the
opening of surface production valve, provides the turbulence effect needed for two
phase flow during the initial stages of plunger rise. Previous models which assumed
single phase gas flow in this region did not account for this possibility.

Accounting for changing wellhead pressure. Most of the previous models used a
constant wellhead pressure, which can be subject to changes governed by the line
pressure. This model accommodates for the changes in wellhead pressure.

Two-phase reservoir flow deliverability. Previous models considered fluid flow from
reservoir using the stabilized reservoir deliverability with a constant value of yield for
accounting the water production from reservoir. However, water production from
reservoir might be more accurately modeled by developing two-phase reservoir
deliverability equations.

Transient reservoir response. Reservoir response becomes crucial when working with

low permeability tight gas reservoirs. Earlier models except Maggard’s model, cannot



5.

6.

7.

15
account for such reservoir transients which are very vital for successful modeling of
plunger lift cycles in these wells.

Full characterization of all possible annulus responses. Reservoir energy stored in
the annulus gas is critical in many situations for plunger lift rise phase. This energy
can also dominate the energy supplied by reservoir in cases for tight gas wells. This
suggests the need for identifying and modeling different situations where annulus
response varies.

Liquid re-entry into the formation. During plunger upstroke, there is the possibility of
liquid flow from the tubing back into the formation. This is not accounted in the
earlier plunger lift models. Transfer of liquid between tubing, reservoir and annulus
can affect the pressures and thereby the modeling results.

Liquid fallback past the plunger during its upward travel. Experimental studies
conducted by Mower et al. (1985) show that liquid fallback varies as a linear function
of plunger velocity. This suggests the importance of accounting for liquid fallback in

the plunger lift models.

Ideally, incorporating all the above developments will result in a plunger lift model with

higher accuracy. However, due to lack of sufficient data, only the first two options of

improvement are considered in the proposed model. The implementation of these

improvements is possible only due to the availability of pressure and temperature data

from smart plungers, which allowed the development of a closed set of equations to

model plunger upstroke.
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CHAPTER III

DESCRIPTION OF NEW PROPOSED PLUNGER LIFT MODEL

This chapter describes the new proposed model of plunger upstroke developed by taking
advantage of the additional pressure and temperature information from smart plungers.
The possible interactions between different flow regions of a plunger lift system during
plunger upstroke are presented in the first section. Next section describes the four
different flow regions considered for the model followed by the assumptions used for
developing the equations. Finally, the equations for the model, developed using only

gravitational terms in the pressure balance equations are presented.

3.1. Possible Interactions between Flow Regions during Plunger Upstroke

During the plunger upward travel towards surface, various possible interactions occur
between different regions of a plunger lift system, including reservoir. These interactions
are classified based on the relative contributions from casing-tubing annulus and
reservoir in providing energy to the plunger to lift the liquid slug. Also, these interactions
between different regions are affected by the presence of liquid in the annulus during the
plunger upstroke. Considering the presence of liquid in annulus, two different cases can
be considered, one case where the liquid level in the annulus is above the tubing seat
(Case 1) and another case where the liquid level in the annulus reaches the tubing seat
(Case 2). Case 1 can be categorized into three options based on the relative contributions
of energy from annulus and reservoir. The system scenarios described in Case 2 occur
when the energy from annulus is significant enough to completely drain the annulus

liquid into tubing, and further provide support with gas flow from annulus into the tubing.
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Case 1 (Annulus liquid level above the tubing seat)
Option 1. Option 1 considers the situation where the energy contributions from both
annulus and reservoir are significant and comparable. This means that there will be flow
of fluids into tubing from both the annulus and the reservoir. Fig.3.1 shows the system

interactions in terms of energy contributions for option 1 of case 1.

Tubing
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Figure 3.1 — Interactions between Flow Regions for Option 1 of Case 1 (Chava, 2008)

Option 2. Option 2 considers the situation where the energy contribution from reservoir
is insignificant compared to that from energy stored in annulus. This situation occurs in
tight gas formations with low reservoir pressures. In such situations, the plunger lifts the
liquid with support coming completely from the annulus gas energy, and fluid flow in the
system is limited to the flow from annulus into tubing. Fig.3.2 shows the system

interactions in terms of energy contributions for Option 1 of Case 1.
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Figure 3.2 — Interactions between Flow Regions for Option 2 of Case 1 (Chava, 2008)

Option 3. Option 3 considers the situations where reservoir energy is significant with
flow of reservoir fluids into both the annulus and the tubing. In such a situation, both
casing and tubing pressures will be significantly less than the flowing bottomhole

pressure. Fig.3.3 shows the interactions of the regions in system for Option 3 of Case 1.
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Figure 3.3 — Interactions between Flow Regions for Option 3 of Case 1 (Chava, 2008)
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During the plunger upstroke, the energy contribution from the annulus to the plunger rise
causes a decrease in the annulus liquid level. This gradual decrease will make the
annulus liquid level drop to the tubing seat depth at some point during plunger upstroke,

which causes different interactions to occur between the regions discussed in Case 2.

Case 2 (Liquid level in annulus reaches the tubing seat depth)

Option 1. Option 1 considers the situation when the contributions from both the annulus
and the reservoir are significant and comparable. This situation arises at some point in
time as continuation of Option 1 of Case 1, where the liquid level in the annulus reaches
the tubing seat depth due to the energy supplied by gas expansion in the annulus. This
scenario causes the flow of annulus gas into the tubing, apart from the reservoir fluids.

Fig.3.4 shows the interactions of the regions in system for option 1 of case 2.
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Figure 3.4 — Interactions between Flow Regions for Option 1 of Case 2 (Chava, 2008)
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Option 2. Option 2 considers the situations similar to Option 2 of Case 1. In this option,
the energy support from reservoir is insignificant in comparison to the energy stored in
annulus. This scenario again can occur as a continuation of Option 2 of Case 1, if there
was some annulus liquid prior to production. Fig.3.5 shows the interactions of regions in

the system for Option 2 of Case 2.
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Figure 3.5 — Interactions between Flow Regions for Option 2 of Case 2 (Chava, 2008)

The new proposed plunger lift model described in subsequent sections of this chapter
considers the situation corresponding to Option 1 of Case 1 when there is contribution
from both annulus and reservoir. It also assumes that annulus liquid remains above tubing
seat allowing the flow of annulus liquid into the tubing during plunger upstroke. Though
the data available from smart plungers indicate that there is liquid in the annulus and
casing pressure is large enough to contribute to plunger rise, there is possibility that other

situations can arise in different stages of the plunger’s operating life.
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3.2. Flow Regions of the System

The model considers a packerless plunger lift installation which is divided into four flow
regions considering the upward travel of the plunger. These four regions are related to
each other through pressure and flow communications. Fig.3.6 shows these regions of the

system.

1%1. T Sy

Figure 3.6 — Flow Regions of the System Identified for Modeling Purpose

These flow regions can be described in terms of the fluids present in those regions as the
plunger rises to the surface along with accumulated liquid slug.

Region 1. This region contains single phase gas above the plunger/slug system in the
tubing. We assume this region to be modeled with steady state gas flow above the liquid

slug.
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Region 2. This region contains two-phase mixture that is produced below plunger inside
the tubing. This region provides the opportunity for implementation of a major
improvement from the earlier dynamic models discussed in Chapter II. The flow in the
tubing below the plunger as the plunger rises with a high velocity is mixture of gas and
liquid flowing at different velocities. This condition implies the necessity to use two-
phase correlations in this region to model the fluid flow. Previous models assumed
separate and distinct gas and liquid phases to identify the flow in this region. Thus, the
new model differs from the earlier models as it incorporates the two-phase flow
consideration in the tubing below the plunger.
Region 3. This region considers the gas and liquid present in the casing/tubing annulus as
separate and distinct phases with a clear interface. The model considers steady-state gas
expansion over the liquid accumulated in the annulus during plunger upstroke.
Region 4. This region represents the fluid flow region in the reservoir near wellbore. This
region provides another significant opportunity for improvement over the earlier models.
The region involves the flow of fluids from the reservoir into the wellbore. As the
reservoir produces both gas and liquid phases, the use of a two-phase Inflow Performance
Relationship (IPR) equation to relate the bottomhole pressure to the production rate is
more appropriate than using a steady-state single phase IPR equation presented by the
backpressure equation. However, for the proposed model, backpressure equation for gas
production from reservoir is used along with a constant value of yield for water
production, because of the lack of reservoir fluid properties. This can be an area of future

study on the model when information about fluid properties is available.

These regions are coupled to each other through pressure and flow communications.

Regions 2, 3, and 4 have the flowing bottomhole pressure as a common parameter.
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3.3. Assumptions Used in the Model

Though the proposed new plunger lift model tries to eliminate many of the restrictive

assumptions used in previous approaches, it still considers a set of fundamental

assumptions used in earlier plunger lift models. The assumptions used to develop the

current model are as follows.

1.

The water production from the reservoir is obtained through the specified value of
yield and the gas production rate. This concept accounts for liquid production from
the reservoir until the two-phase IPR equations are used for better representation of
water production from reservoir.

The plunger acts as a complete seal for the liquid slug above it and the two-phase
flow below it. It does not allow the fallback of any liquid as it travels upward,

carrying the slug.

. The height of liquid slug accumulated by the start of plunger upstroke is considered

constant until it is produced at the surface. This is also a consequence of the
assumption that there is no liquid fallback during plunger upstroke.

The produced reservoir fluids flow into the tubing along with the liquid that is
produced from the annulus.

The liquid (water) is incompressible, with a constant density and viscosity.

The gas and liquid phases in the annulus are considered as separate phases with a
clear interface between them.

Liquids produced from both annulus and reservoir flow into the tubing only during

plunger upstroke.
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The major assumptions which limited the accuracy of earlier models and effectively
removed in the proposed new model are the two-phase flow below the plunger during
upstroke and variable wellhead pressure. The current model allows high gas-liquid flow
rates from the reservoir during initial stages of plunger upstroke, which causes two-phase
flow in region below the plunger. The changes in wellhead pressure are automatically
accounted in the new model because of the changing tubing pressure data used for the

model.

3.4. Model Equations Using Gravitational Terms

The model is developed by assuming steady state conditions in different flow regions for
the time steps considered during plunger upstroke. The model also uses only gravitational
terms in pressure balance equations. Fig.3.7 shows the pressures acting at various points
along with the flow rates in the system as the plunger moves upwards along with the

accumulated liquid slug.
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Figure 3.7 — Various Pressure and Flow Rate Components in the System (Chava, 2008)
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The scenario shown in the above figure assumes that the plunger has traveled some
distance already in the tubing and the liquid level in the tubing is still above the tubing
seat, which facilitates only the flow of liquid from annulus into the tubing. Conservation
of mass and pressure balance equations are written for all four regions for different time
steps to obtain unknowns in terms of known values or inputs. The steady-state approach

taken in the model implies that the equations assume discrete time intervals.

The current model considers the initial time (t; = 0 seconds) as the time when the plunger
is just about to rise from the bumper spring towards the surface. The initial length of
Region 3 at this time is zero since the plunger is still sitting on the bumper spring. Liquid
slug accumulates over the plunger and is lifted by the plunger to the surface starting at
this time. The height of liquid slug (4;) is calculated by a simple pressure balance

equation applied for the region 1 inside the tubing given by Eq.3.1.

=P +(gp, (L=h,—h)+gp,h +gp,h,)/ 6894757 (3.1)
The gas density used in Eq.3.1 is a function of pressure and temperature which are the
averages of corresponding pressure and temperature values measured at wellhead and
smart plunger. Rearranging Eq.3.1 gives the height of liquid slug (%) as

_ 6894.757*(191 —pw)—g,oW , —g;g(L—hp)
g(p.-r:)

(3.2)

Consider the first time step (At =t, —¢,) as the period at end of which plunger reaches

some distance along with the liquid slug starting from the initial static position on the
bumper spring. During this time step, the total mass flow rate into the tubing (Amy) is
equal to the sum of the mass flow rates of fluids from the annulus (Am,) and the reservoir

(Am,) assuming that annulus and reservoir fluids enter only the tubing .
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Am, = Am, +Am, (3.3)
The total mass flow rate coming out of the annulus (Am,) during this time step is

obtained as a product of volumetric flow rate of annulus liquid during the time step

(Agyw.) and its density (p,,).
Am,=Aq,,.p, (3.4)

The volumetric flow rate of annulus liquid (Ag,,) can be expressed in terms of the change

in annulus liquid level during this period (Ah,) as

Ah
Ag,, =| == 4
qWLl ( At Llj (3'5)

The total mass flow rate from the reservoir (Am,) during this time step is the sum of mass
flow rates of gas and liquid produced from reservoir into the tubing, which is obtained

from Eq.3.6.

Am, =Aq,, (/_;g + xpw) (3.6)

In Eq.3.6, “x” represents the ratio of volume of water produced from reservoir (m’) to the
volume of gas produced from the reservoir (m®). The gas volumetric production rate from
the reservoir is obtained using the empirical “backpressure” equation of Rawlins and

Schellhardt (1936).

4, =C(p.-p,) (3.7)
Since Eq.3.7 is empirical, the units of pressures used for calculation of the gas flow rate
(Mcf/D) from this equation are in psig and units for C are Mcf/D/psi*". Though the
implementation of model uses SI units, the backpressure equation is still calculated using
field units, and the values calculated from this equation are converted to SI units for

further use in the code. The values of C and n used in the above equation are constants
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reflecting the performance of reservoir. The value of reservoir pressure is also assumed to
be constant and obtained from extrapolation of the flowing bottomhole pressures for
different plunger cycles which is available in the field data. The value of flowing
bottomhole pressure is obtained from the data through the use of bottomhole pressure
measuring devices. These bottomhole gauges measure the values of flowing bottomhole

pressure (in psig) with time and this data can be retrieved at the surface.

Substituting Eq.3.4, Eq.3.5. and Eq.3.6 in Eq.3.3, we can get the value of the total mass

flow rate into the tubing (Amy) for the given time step using Eq.3.8.

Ah

AmT:(T;Aajpw-i_Aqgr(pg-i_xpw) (38)

In Eq.3.8, values of different parameters are available from the field data except the value
of change in annulus liquid level. A simple pressure balance equation for the region
inside the casing — tubing annulus is required to obtain the value of annulus liquid level at

any instant of time.

Por = P+ (&Pl + 1, )16894.757) (3.9)

h+h, =L (3.10)
Solving Eq.3.9 and Eq.3.10 gives annulus liquid level at any instance of time.

- 6894.757*(50 — Py )+ 8P L o)
g(Pu-p.)

The change in annulus liquid level during a given time step is the difference of the

heights of annulus liquid levels at beginning and end of the time step given by

Ah, = h, (t,)—h, (1)) (3.12)
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Considering the conservation of mass inside the tubing during the time step, the total
mass flow rate just below the plunger (Am;) is the same as the total mass flow rate into

the tubing from reservoir and annulus (Amy).
Am, = Am, (3.13)

Eq.3.13 is obtained assuming a homogeneous mixture. This equation is particularly valid
only in the situation where the liquid level in the annulus is still above the tubing seat
(Case 1). This situation requires that all the fluids coming out from the annulus and the
reservoir enter the tubing, making Eq.3.13 valid. For the case when the liquid level in the
annulus reached the tubing seat, flow of fluids into the tubing from reservoir and annulus
will change. In such situations, the reservoir fluids can enter both annulus and tubing, and
the total mass flow rate from annulus and reservoir must be distributed between the

tubing and annulus.

The mass flow rate below the plunger is the product of the volumetric flow rate and the

density of the two-phase mixture (p,,) below the plunger during the time step.

Am, =v,A,,p, (3.14)
The density of two-phase mixture changes with time not only because it depends on the
relative amounts of gas and liquids, but also because the density of gas below plunger
changes as a function of average pressure and temperature in Region 2 that change with
time. The value of average plunger velocity is obtained from mass balance equations in

the Region 1.

Considering the conservation of mass in region 1 during the time step, the total mass flow
rate at the point just above liquid slug (Am,) is equal to the total mass flow rate of gas at

the wellhead (Am,,y,).
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Am, =Am,, (3.15)
The total mass flow rate above liquid slug (Am,) is the product of volumetric flow rate of

gas and the average density of gas in the region just above liquid slug (pg) during the

time step.
Am, =vpA,, P, (3.16)
Similarly, the total mass flow rate at the wellhead (4m,y) is given by the product of

volumetric flow rate of gas and the density of gas at the wellhead (p,,.) during the time

step.

A, =G 0 P g (3.17)

Substituting Eq.3.16 and Eq.3.17 in Eq.3.15 gives the value of average velocity (Z) of

plunger during the given time step.

y, = den Lo (3.18)
Atub Iog2

Using the value of average plunger velocity obtained from above equation in conjunction
with Eq.3. 12, Eq.3.13 and Eq.3.14, we obtain the value of average two-phase mixture

density for a given time step (p,,) as given in Eq.3.19.

—  Am, +Am,

. = (3.19)
vp 14rub

The value of two-phase mixture density obtained from Eq.3.19 can be used to calculate
the liquid mass fraction present in region 1 during the time step using Eq.3.20.
(pu-r.)

Xy = m (3.20)
w g
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The liquid mass fraction provides the value of total mass of liquid flowing into the

tubing, Am,, during a given time step as per the following equation.
Am, =x*Am, (3.21)

The mass of reservoir liquid (water) coming into the tubing (Am,,.;) can be obtained
from the difference of total mass flow of liquid into the tubing (Amz,) and total liquid

mass from annulus (Am,,).
Am . =Am, —Am (3.22)

The ratio of the mass flow rate of liquid from the reservoir calculated from Eq.3.22 and
total mass flow rate from reservoir calculated from Eq.3.6 is the value of water yield
from the reservoir (x). This value can be used to check with the initial guess of water

yield that is used in the calculation of total mass flow from reservoir from Eq.3.6.

Finally, the position of plunger at the end of each time step can be obtained by
calculating the distance covered by plunger during the time step. In the model, as the
plunger rises during each time step, the length of Region 2 increases and length of Region
1 decreases. Thus, the position of plunger can be obtained in terms of heights of Region 1

and Region 2 using Eq.3.23 through Eq.3.25.

Ahy =v,At = —Ah, (3.23)
hy () =h (1) +veAt (3.24)
hy(8,)=h, (t)-voAt (3.25)

The heights of Region 1 and Region 2 for subsequent time steps are calculated by adding

the difference in heights of corresponding regions obtained during the time step from
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Eq.3.23 to the total height of the regions at the end of previous time step obtained from

Eq.3.24 and Eq.3.25.

The equations developed in this chapter provide the values of unknowns by using the data
from smart plungers along with the fluid and reservoir properties and operating

conditions.
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CHAPTER 1V

INPUT DATA FOR MODEL IMPLEMENTATION

This chapter describes the data that is estimated or available from the field, and required
as input to the model during implementation. The field data set is provided by BP for an

onshore field in East Texas.

4.1. Field Data

The field data available from smart plungers and other measuring devices that can be
used as input to the code are:

Surface measurements

The parameters like tubing pressure, casing pressure and gas flow rate are measured at

the surface for every 2 minutes. This data is collected from plunger cycles run on the 22™

of February, 2007.

1. Tubing pressure. Pressure measured at the wellhead (p,), provided in units of psig.
These units are to be converted to pascals for the current model so that all the
equations are implemented in SI system.

2. Casing pressure. Pressure near the casing measured at the surface (p.) is also
provided in psig units. These values are also converted to pascals like all other
pressure values.

3. Gas flow rate. The gas flow rate at the surface (¢q,;) is measured with the help of an
orifice-meter located in the flowline before the separator. This value represents flow

rate measured at standard conditions near the separator.
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Other information provided in the 2 minute surface recordings (not required as inputs to

the equations) is presented as follows.

. Static pressure. The pressure at the header measured in psig. This value is influenced

by the high flow rates from the well.
Meter DP. The orifice pressure differential measured in psig.
Volume. 1t represents the total gas volume in Mcf accrued during each cycle which is

set to zero at the beginning of each cycle.

Smart plunger and Tailpipe measurements

The pressure and temperature data of plunger and bottomhole are provided from the

smart plunger and Tailpipe gauge measurements respectively. This data is collected at a

frequency of 5 seconds for three days from February 21- 23, 2007.

1.

2.

Plunger pressure. Pressure (p;) measured by the sensor present inside the smart
plunger. This data is provided every 5 seconds during the plunger cycles in psig unit,
which is converted to pascals.

Plunger temperature. Temperature (7;) measured by smart plunger sensor, measured
in degrees F. Though these temperature values are not directly used in the equations,
they are required for the calculation of gas densities for different conditions of
pressure and temperature as the plunger rises to the surface.

Tailpipe (TP) pressure. Pressure (p,y) recorded by the bottomhole gauge representing
the bottomhole pressure conditions, provided in psig units, and converted to pascals
during the implementation of model.

Tailpipe (TP) temperature. Temperature (7,,) recorded by bottomhole gauge

measured in degrees F.
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Constant Inputs
The remaining data available from field includes the following constant parameters
required for the code.
1. Length of tubing. The total length of tubing (L) is provided as 10500 ft (3200.4 m).
2. Tubing diameter. The tubing is considered to be of 2 3/8 inch diameter. This value is
used in the calculation of tubing flow area, 4,,;, used in the code in m°.
3. Casing diameter. The casing is considered to be of 5 !4 inch diameter. This diameter
is required for the calculation of the area of annulus, 4,, in m’.
These values available from field are used as input to the equations developed for the

model.

The measurements from smart plunger and tailpipe are recorded continuously and
retrieved after few plunger cycles. Thus, there is a need to sort this data along with the
surface data to obtain a complete set of combined data for one upward travel of the
plunger. For this purpose, we chose the plunger upward travel of fourth cycle from the
five complete plunger lift cycles available from field data. Since the data from the surface
measurements is available at a frequency of 2 minutes, a sorted data set is obtained by
collecting corresponding pressure and temperature measurements from smart plunger and
tailpipe for every 2 minutes. Thus, the sorted data set consists of data from smart plunger,
tail pipe gauge and surface measurements at an interval of 2 minutes for the plunger
upward travel. However, the data frequency of 2 minutes doesn’t allow the possibility of
the model simulating transient condition because of the very large time steps involved.
To solve this problem, the sorted data set is interpolated to obtain a final data set for the
plunger upward travel with a frequency of 10 seconds. This dataset which is used as

input to the model is presented in Appendix A along with other data.
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4.2. Estimated Data

The data required for implementation of the model, but not available from the field data,

is estimated based on generic values taken by the parameters. The parameters of the

model which are estimated are as follows.

1.

Plunger height. The height of plunger (4,) is a constant value required in the
equations of the model. This value for the smart plunger used in the well considered
for this model is not provided in the field data. However, an approximate value of the
length of smart plunger is obtained from the brochure PCS smart plungers as 1.48 ft
(0.451 m).

Yield from reservoir. The value of yield from the reservoir, x, which represents the
ratio of the amount of water produced in equivalent scf to the amount of gas produced
from the reservoir. This value is assumed to be 0.7.

Backpressure equation constants. The values of constants for backpressure equation,
C and n, are unavailable from field data. A value of 0.85 is used for n, which is in the
range of typical values of n provided in the literature. The value of performance
coefficient, C, is also estimated from the typical range of values provided in the
literature, and a value of 0.005 Mcf/D/psi*" is used for the implementation of current
version of model.

Reservoir pressure. The reservoir pressure, p,, required for the calculation of gas
production rate from the reservoir is also unavailable from the field data. This value is
obtained by extrapolating the buildup of pressures recorded by tailpipe gauge during
shut-in periods for the five plunger cycles. An approximate value of 515 psia for the
reservoir pressure is obtained using this procedure.

Fluid properties. The densities of gas at different conditions of pressure and

temperature are calculated by assuming a gas specific gravity of 0.60 and using the
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natural gas property correlations from Guo and Ghalambor (2005). The equations

used for these calculations are presented in Appendix B.

4.2. Critical Analysis of Available Field Data

Fig.4.1 shows all 5 available complete plunger cycles which span a total duration of
about 670 minutes. Each cycle begins with the shut-in period, followed by the plunger
upstroke, afterflow (the production time with the plunger in the lubricator), and finally
the cycle repeats with shut-in period of the next cycle. The key parameters reported in the
field data are bottomhole pressure, wellhead pressure, casing pressure, smart plunger
pressure and gas flow rate. The profile of the parameters considered in the plot look
similar for all the five plunger cycles. However, it can be observed that the afterflow
production period was very small for first cycle and maximum for the second plunger
cycle. This afterflow can be identified by comparing the profiles of pressure recorded by
smart plunger and wellhead pressure. These pressure profiles come closer as the plunger
reaches wellhead and remain almost same for the length of time during which plunger is
caught is lubricator with afterflow gas production. Also, the sudden spike in wellhead
pressure before plunger gets caught in the lubricator indicates the start of liquid slug

production at the wellhead.
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Figure 4.1 — Field Data for the Five Available Plunger Cycles (Chava, 2008)

Fig.4.2 reports a more detailed extract from the above figure, namely the fourth plunger
upstroke (with the time starting at zero when the plunger starts to rise to the surface),
followed by the natural flow period. The red dotted lines indicate two events of the
plunger upstroke period, the point where the liquid slug hits the surface and that point
where the plunger enters the lubricator, in line with the trends previously reported in
Fig.4.1. Also, it can be noted for the plunger upward travel period under consideration,
the difference between wellhead pressure and smart plunger remains almost constant

indicating that the liquid slug height is virtually constant.
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Figure 4.2 — The Fourth Upward Cycle of the Plunger, Followed by Natural Gas Flow

(Chava, 2008)

It must be noted that the spike which can be noticed in the data prior to the one between
the red lines only appears with the interpolated data (frequency of 10 seconds), but not
with the 2-minute field data. However, it is believed that this spike is not just an
interpolation feature, as it is also seen in p;, which is measured every 5 seconds in the
field. This spike could be indicating that there is some disturbance in the plunger travel at
this point, which might be a small liquid slug being cleared out of the well before the

more significant slug captured by the red dotted lines.
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It will be seen from Fig.4.2 that the slug only takes about 780 seconds to reach the
surface, and that the liquid slug is cleared out of the well between 780 seconds and 1020

seconds from the time when the plunger starts from bottomhole.

Based on these observations, the model was run with the assumption that the liquid slug
height is constant between 0 and 780 seconds. This dataset for the upward travel of
plunger as presented in Appendix A is used as input for the implementation of model and

the results are presented in Chapter V.
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CHAPTER V

RESULTS OF MODEL IMPLEMENTATION

This chapter describes the procedure followed for the implementation of the new
proposed plunger model from Chapter III developed in an Excel VBA program. This will
be followed by a description of the method for the validation of model, and results for a
base case and its comparison with another case from sensitivity analysis. The discussion

of results obtained from implementation of model is presented after the results.

5.1. Procedure for Implementation of Model

The new proposed plunger lift model is implemented in Excel VBA program by coding
the equations developed for the model in Chapter III. The input data required for solving
the equations of the model coded in VBA program is described in Chapter IV. The data
set considered for the current version of the code is presented in Appendix A. Only few
of the equations developed in Chapter III using only gravitational terms, are slightly
modified to be used in the code. Eq.3.2 is used for the calculation of liquid slug height
using the wellhead and flowing bottomhole pressures measured at the start of plunger
upward travel (t = 0 seconds). However, the value of average gas density which is
dependent on the average pressure and temperature in region 1 at time t = 0 seconds is
required to solve this equation for obtaining liquid slug height. A simple iterative
subroutine is used to calculate the average gas density and liquid slug height for solving

this problem.
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Subroutine for liquid slug height calculation
Stepl. Starting value of pressure is the average of wellhead and flowing bottomhole
pressures at time t = 0 seconds. The starting temperature considered is the average value
of wellhead and flowing bottomhole temperatures.
Step2. Assuming a value of gas specific gravity of 0.6, the average gas density is
calculated for the conditions of pressure and temperature of Step 1 using natural gas
property correlations from Guo and Ghalambor (2005) as described in Appendix B. This
value of average gas density is used to calculate the liquid slug height in the tubing using
Eq.3.2.
Step3. The liquid slug height and average gas density obtained from Step 2 are used to
calculate the pressure just above the liquid slug in tubing (p,) at time t = 0 seconds from

the following equation.

P, =p—(p,g(h +h,)/ 6894.757) (5.1)

The pressures in Eq.5.1 are considered in units of psia while other variables follow the SI
system of units.

Step4. Average gas density for region 1 is again calculated by using the same temperature
but the pressure is the average of wellhead pressure and pressure calculated from Step 3.
This is done because the average pressure in region 1 is close to the average of wellhead
pressure and pressure just above the liquid slug in the tubing.

Step5. Check to see if the difference between the density values measured from Step 2
and Step 4 is less than the tolerance value of 0.001 kg/m’. If density difference is greater
than 0.001 kg/m’, then go back to Step 2 and calculate liquid slug height with the value

of gas density calculated from Step 4. If density difference is less than 0.001 kg/m3, then
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the subroutine reached convergence and the density from Step 4 is the final consistent
value of average gas density for time t = 0 seconds.

Step6. Calculate the final value of liquid slug height using the converged value of

average gas density from Step 4.

The liquid slug height calculated from the above subroutine is considered as a constant in
the current model because we assumed that there is no liquid fallback during plunger
upstroke. Also, the equations developed using only gravitational terms from Chapter 111
assume that there is no liquid fallback during the plunger upward travel and hence do not
consider the possibility of changing liquid slug height. However, the above subroutine
can be used iteratively for different time steps of plunger upstroke to calculate the values
of changing liquid slug height by assuming that the amount of liquid fallback is
negligible when compared to the amount of fluids coming into the tubing from the
annulus and reservoir. This assumption makes the model equations still valid while
considering variable liquid slug height. This chapter presents the results of the model by

assuming constant liquid slug height.

Similarly, annulus liquid level is calculated from Eq.3.11 which is obtained from a
simple pressure balance equation applied to the region 3 inside the annulus. Solving this
equation for annulus liquid level requires the calculation of the value of annulus gas
density which is dependent on the average pressures and temperatures of the gas phase
region in the annulus. A subroutine similar to the one developed for calculating liquid
slug height is used to solve this problem. However, the equation for calculating the
pressure above annulus liquid (p,) is different from Eq.5.1 and the following equation is

used to calculate the value of pressure above annulus liquid.
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p. =P, —(p.gh,/6894.757) (5.2)

The pressures in Eq.5.2 are considered in units of psia while other variables follow the SI

system of units.

Substituting Eq.5.2 for Eq.5.1 in the subroutine and using casing and flowing bottomhole
pressures for different time steps provides the values of annulus liquid level during each

time step of the plunger upstroke.

The value of plunger velocity is calculated for each time step using Eq.3.18. The value of
average wellhead gas flow rate used in the numerator of this equation is obtained by
taking an average of the values of wellhead gas flow rates at the beginning and end of
each time step. The average gas density value at wellhead is obtained from the average of
gas densities calculated for wellhead pressures at the beginning and end of each time
step, and uses an approximate wellhead temperature of 80 degrees F. The average gas
density at the point just above liquid slug for each time step is calculated from the
average of gas densities calculated from corresponding pressures and average of plunger
temperatures at the beginning and end of time step. Eq.5.3 can be used for the calculation

of pressure just above liquid slug at any point during plunger upstroke.
p.=p —(p,gh, /6894.757) (W, /144% 4, ) (5.3)

The pressures in Eq.5.3 are considered in psia units, weight of plunger is taken in pound
force and area of tubing is considered in in’; while other variables follow the SI system of

units.

The value of an average two-phase mixture density (;m) during a given time step is

calculated using Eq. 3.19. The total mass flow rate from the reservoir required for
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solving the above equation can be obtained from Eq. 3.6. The average gas density used in
Eq.3.6 is obtained from the average of gas densities calculated from flowing bottomhole
pressure and temperature conditions at the beginning and end of the time step. Eq.3.4 and
Eq.3.5 are used to obtain the total mass flow rate from the annulus into the tubing for the

given time step.

Finally, the fraction of liquid present in region 2 (x,,) below the plunger inside the tubing
is obtained using Eq.3.19. The value of average gas density in this region is calculated
from the average of gas densities measured in this region at the beginning and end of
each time step. The equations discussed above are coded in Excel VBA program and the
data presented in Appendix A is used as input for the code to provide values of plunger
velocity and plunger position in terms of heights of region 1 and region 2. The model can
also provide values of two-phase mixture density and liquid fraction of region 2 below

plunger for different time steps during plunger upstroke.

5.2. Validation of Model

The use of available data as input to model’s equations developed using only
gravitational terms, will provide the values of parameters like heights of different regions,
pressure above the liquid slug and the plunger velocity for different points of time during
plunger upstroke. After implementing the model in VBA code for the given upward

travel of the plunger, the validation of model can be done in the following ways.

1. Plunger velocity, which is calculated from Eq. 3.18, depends on the values of
wellhead gas flow rates, and densities of gas at wellhead and at the point just above
liquid slug for different points of time during plunger upstroke. The densities in the

equation are dependent on the pressures and temperatures at those locations for any
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given instance of time. Thus, the model could be validated if the profile of plunger
velocity predicted by the model could reflect all key events identified by the profiles
of wellhead tubing pressure, smart plunger pressure and wellhead gas flow rate for the

plunger upstroke period.

2. The heights of regions above and below the plunger and liquid slug inside the tubing
are calculated for each time step using Eq.3.24 and Eq.3.25. The values of heights of
these regions indicate the position of plunger at different points of plunger upstroke.
Since the final time step of model’s input data represents the start of liquid slug
production as indicated by the smart plunger pressure data, the model can be validated
by checking if the plunger reaches the surface along with liquid slug at the end of final

time step.

3. The height of annulus liquid (calculated from Eq.3.11) depends on the values of
casing pressure and flowing bottomhole pressure for different time steps during
plunger upstroke. Thus, the profile of annulus liquid level should be consistent with

the profiles of casing and flowing bottomhole pressures for the model to be valid.

The model is validated using the above methods for a base case, as described in the next
section. The results of the model are obtained from implementation of VBA code and the

discussion of these results is also presented.

5.3. Results of Base Case Implementation

The implementation of base case of the model is carried out using input data available
from field and assuming other required variables that provide reasonable values of output
parameters. Apart from the data available from the field, the values used for other

important variables are provided in Table 5.1.
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Table 5.1 — Variable Values for Base Case

VARIABLE VALUE
Gas specific gravity, y, 0.60
C (Mcf/D/psi™) 0.005
n 0.85
Reservoir pressure, p, (psig) 515

The value of gas specific gravity is chosen as 0.60 which lies in the typical range of
natural gas specific gravities. The values of C and n are estimated from the typical ranges
of backpressure constants available for fields with similar gas production rate and
flowing bottomhole pressures. The value of reservoir pressure is estimated by
extrapolating the flowing bottomhole pressures of the five plunger cycles available from
field data. Since the values of these parameters are estimated, they provide an opportunity

for sensitivity analysis which is discussed in the next section.

The major parameters evaluated from the calculations in the model are average plunger
velocity during each time step (v,), position of plunger in the tubing at the end of each
time step in terms of heights of region 1 (4,) and region 2 (43) and height of annulus

liquid level at the end of each time step (/).

The profile of average plunger velocity (m/sec) calculated from the model for each time

step is shown in Fig. 5.1.
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Figure 5.1 — Average Plunger Velocity during Plunger Upstroke

The profile of plunger velocity indicates that the plunger attains a very high velocity in
the first few minutes of the plunger upstroke period. The plunger attains a maximum
velocity in its travel during the initial few minutes and then the velocity reduces gradually
because of either the impact of load or the frictional forces acting on the liquid slug and
plunger along the inner diameter of tubing. The velocity profile also reflects the
disturbance occurring to the plunger travel after 600 seconds. The velocity of plunger
spikes at this point in time, similar to the wellhead gas flowrate and tubing pressure
profiles. The model is not valid after the start of liquid slug production which is indicated
in the plot with the line at 780 seconds. The average plunger rise velocity calculated from
the model is 3.53 m/s or 695.32 ft/min and close to zero (0.221 m/s) at the start of slug

production.

For optimum plunger lift cycles, the shut-in period should be of minimum duration such
that it allows the plunger to lift the liquids and just reach the surface with a velocity close

to zero. The current model’s predictions indicate that this objective is achieved for the
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plunger upstroke considering that the velocity of plunger is close to zero at the start of

slug production.

The profile showing the position of plunger is terms of the heights of region 1 and region

2 at the end of different time steps during plunger upstroke is shown in Fig.5.2.
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Figure 5.2 — Profile Showing Change in Heights of Regions inside Tubing with Time

The profile indicates that the height of region 1 above the plunger slug system (4,) starts
at a maximum value of 2938.08 m, a value that corresponds to the length of tubing
exlcuding the heights of liquid slug and plunger. As the plunger rises towards the surface,
the height of region 1 decreases with a corresponding increase in the height of region 2
(starts from zero when the plunger sits on the bumper spring for t = 0 seconds). As the
plunger reaches the surface along with the liquid slug, the height of region 2 gets close to
the total length of tubing. The fact that the height of region 2 after 780 seconds is nearly
equal to 2938.08 m (Initial value of height of region 1) suggests that there is a negligible

amount, if any, of liquid fallback ,during the plunger upstroke.
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The third parameter evaluated from the model is the height of annulus liquid level at the
end of each time step. The value of annulus liquid level is calculated directly from the
pressure balance equation in the casing — tubing annulus. Though there is mass flow from
annulus, it is not used in the derivation of the value of annulus liquid level. The profile of
annulus liquid level calculated from the model is shown in Fig. 5.3. The profile shows
that the liquid in the annulus is completely drained out in the first 50 seconds as indicated
by the zero value for annulus liquid level after 50 seconds. It also indicates that the mass
conservations applied to region 3 and region 1 below the plunger might give erraneous
results since the model assumes that the annulus liquid level is above the tubing seat
during plunger upstroke. This problem can be observed for parameters like two-phase
mixture density and liquid mass fraction in region 1 because the values of those
parameters are obtained from mass conservation applied between tubing, annulus and
reservoir assuming only liquid flows from annulus into the tubing. However, this doesn’t
affect the values of average plunger velocity since it is obtained from mass conservation
above the plunger/slug system which is valid regardless of flow of fluids from the

annulus.

Annulus Lig.Levelvs time

Annulus Liquid Level, m
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Figure 5.3 — Annulus Liquid Level Profile during Plunger Upstroke
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The value of annulus liquid level depends on average annulus gas density which in turn
depends on the gas specific gravity used in the model. This value of gas specific gravity
is assumed and slight variations in this value can lead to quite different results, perhaps
making the applicability of model either completely valid or completely invalid. Three
different values of gas specific gravity (0.5, 0.6 and 0.7) are considered at this point to
observe the impact of specific gravity on the model results. The value of 0.60 for specific

gravity corresponds to the base case considered in the implementation.

Allowing the variable representing the annulus liquid level to take negative values, a
comparison of the annulus liquid level profiles for the three different specific gravities is

shown in Fig.5.4.
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Figure 5.4 — Comparison of Annulus Liquid Levels for Three Different Guesses of Gas

Specific Gravities
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The comparison of annulus liquid level profiles for the three specific gravities proves that
the parameter is strongly dependent on the value of gas specific gravity. Since we don’t
have any information about the fluid properties, the guessed value for base case might not
represent the actual gas specific gravity of the fluids in the well under consideration.
Also, it can be observed that the profiles of annulus liquid level move from completely
positive values for gas specific gravity of 0.5 to completely negative values for gas
specific gravity of 0.7. This observation suggests the importance of having information

about the fluid properties which will affect all of the important parameters in the model.

Another observation that can be made with the plots of annulus liquid level profile in
conjunction with the plunger velocity profile is that the velocity profile doesn’t show any
indications of changes occuring in the annulus at the point when the annulus liquid level
has completely drained after 50 seconds. This observation means that the flowing
bottomhole pressure is the primary driver for plunger lift for the well under consideration
regardless of the presence of liquid in the annulus. Positive values of annulus liquid level
for the complete plunger upstroke period indicates that there is always liquid in the
annulus, where as negative values of annulus liquid level indicate that the annulus liquid
drained into the tubing after sometime. In either situation for the current well data, the
velocity of plunger is not affected by the changes happening in annulus because of strong

reservoir support in the form of flowing bottomhole pressure.

5.4. Sensitivity Analysis of Model
The input data available for implementation of model contains different variables apart
from field data whose values are estimated or guessed. A sensitivity analysis work is

carried out on these variables to observe the impact of each variable on model results and
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to obtain reasonable values for results. Sensitivity analysis is done on different variables
affecting the key parameters that are evaluated from the model. The variables chosen for

sensitivity analysis are

1. Gas specific gravity (y,). The value of gas specific gravity is estimated or guessed
because of the lack of availability of fluid property data for the particular well under
consideration. The value of gas specific gravity directly effects the calculations of gas
densities for different time steps, and thereby affects the values of all the parameters
considered for evaluation. A wide range of values of gas specific gravity were
considered for sensitivity analysis like 0.55, 0.60, 0.65, 0.70, 0.75, 0.80 and 0.85.

2. C and n (Backpressure equation constants). Though these variables do affect the
values of velocity, heights of region 1 and region 2, and annulus liquid level during
the plunger cycle, they have significant impact on the values of total mass flow
coming in to the tubing from reservoir. This directly affects the values of two-phase
mixture densities during each time step. For the purpose of sensitivity analysis, the
values {500, 50, 5, 0.5, 0.05, and 0.005} in Mcf/D/psi2n were considered for
performance coefficient C. For the exponent n, the range of {0.55, 0.65, 0.75, 0.85,
and 0.95} was chosen from the typical value range of 0.5 (for fully turbulent flow) to
1 (for fully laminar flow).

3. Reservoir pressure (p,). Similar to backpressure equation constants, the value of
average reservoir pressure used in the calculation of gas flow rate from backpressure
equation directly affects only the value of average two-phase mixture density. Since
this value is estimated from the flowing bottomhole pressure data for different

plunger cycles, the range of this variable chosen for sensitivity analysis doesn’t
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deviate much from the values predicted from extrapolation. The range chosen for
reservoir pressure is {515, 600, 700, 800 and 900} in psig.

4. Wellhead gas flow rate (gows). The value of wellhead gas flow rate is considered for
sensitivity analysis even though it is directly available from the surface data because
of the uncertainty in the error that can be introduced due to the distance of gas flow
rate measuring devices from the wellhead. An error in wellhead gas flow rate will
directly affect the values of average plunger velocity and, therefore the heights of
region 1 and region 2. For current sensitivity analysis, variations of £5%, + 10% and

+15% from the measured wellhead gas flow rate are considered.

Other important variables of the model whose data is directly available are p,; and p;.
These variables play an important role in the model because they are used in the
calculation of gas density at wellhead and gas density at the point just above liquid slug,
and these gas densities are used directly in the calculation of average plunger velocity.
However, the values of these variables reported from field data are assumed to be fairly

accurate and are not considered for further sensitivity analysis.

A summary of the range of values tried for different variables in the sensitivity analysis

is provided in Table 5.2.
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Table 5.2 — Variable Ranges/Variations Considered for Sensitivity Analysis

VARIABLE RANGE OF VALUES/ VARIATIONS
Gas specific gravity, y, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85
C (Mcf/D/psi™) 500, 50, 5, 0.5, 0.05, 0.005
n 0.55, 0.65, 0.75, 0.85, 0.95
Reservoir pressure, p, (psig) 515, 600, 700, 800, 900
Wellhead gas flow rate, gg +5%, + 10%, £15%

The results from the base case are compared with the results from the case which

provided the largest deviation from expected values of different parameters.

The values of different variables considered for the case that provided the largest
deviation of results from expected values are provided in Table 5.3. Though the values
considered for some of the parameters are not realistic according to industry
experiences, they were chosen deliberately to see the largest shift from the results of

base case that can be caused by varying the values of these parameters.

Table 5.3 — Variable Values/Variations for Case with Largest Deviation of Results

VARIABLE VALUE/VARIATION
Gas specific gravity, y, 0.85
C (Mcf/D/psi™) 500
n 0.95
Reservoir pressure, p, (psig) 900
Wellhead gas flow rate, gy measured value - 15%




55
The results of calculations done for the case with largest deviation from base case are

presented in the following comparison charts.

The chart showing a comparison of the plunger velocity profiles for the base case and
the largest deviation case is provided in Fig. 5.5. The profiles show that the values of
plunger velocity for the case with largest deviation from the base case are lower than the
plunger velocities calculated from base case. The maximum velocity attainable using
base case is 12.06 m/s which is 28.8% greater than the maximum plunger velocity of
8.59 m/s attained using the largest deviation case. However, the plunger velocity profile
using both cases has a similar trend that reflects the disturbance caused to the plunger
travel after 600 seconds and both profiles attain their lowest values after the start of slug
production. The major variable providing such a deviation in plunger velocity profile
can be the variation of -15% used with the measured values for the case with largest

deviation. The start of slug production is indicated by the solid vertical line in the chart.
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Figure 5.5 — Comparison Chart for Average Plunger Velocities of the Two Cases
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The second chart, shown in Fig.5.6, provides the comparison of the heights of region 2
(h3) and region 1 (h4), calculated from both base case and largest deviation case. The
profiles of largest deviation case indicate that the plunger doesn’t reach the surface at the
start of slug production as shown by the pressure profiles of original field data. However,
profiles of the heights of region 1 and region 2 calculated from base case reflect the
pressure profiles extremely well by calculating the plunger position to be near the
wellhead at the start of slug production. The comparison shows that the distance traveled
by plunger as calculated from largest deviation case is 30% less than the corresponding

distance calculated using base case.
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Figure 5.6 — Comparison Chart Showing Heights of Region 1 and Region 2

Finally, the comparison chart showing the profiles of annulus liquid levels calculated

from the base case and largest deviation case is provided in Fig. 5.7. This chart is
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obtained by allowing the annulus liquid level to take negative values. Considering
practical values of annulus liquid level, both the cases suggest that the annulus liquid
level is zero from the beginning of plunger upstroke period. Since the gas specific gravity
used in both cases is equal to or higher than 0.60, we obtain negative values for annulus
liquid level. Also, the higher value of gas specific gravity used in largest deviation case
caused the profile of its annulus liquid level to be much lower than that calculated from

base case.
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Figure 5.7 — Comparison Chart for Annulus Liquid Level

The results obtained from implementation of base case and sensitivity analysis show the
importance of fluid properties in the current model. The results suggest that additional
data is required for better modeling particularly while considering the addition of

complex friction and acceleration terms to the model. The results also indicate that the
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model might not be valid in the situation where the annulus liquid is drained into tubing
which allows the flow of reservoir fluids into the annulus and tubing. This situation needs
to be accounted in the future improvements of the model. Another important observation
is that the backpressure equation is not sufficient when applying the models to tight gas
formations. This suggests that the near wellbore region of reservoir deserves more focus

in modeling tight gas formations.

5.5.Summary

This chapter presented the procedure followed to implement the proposed new plunger
lift model in excel VBA program. It provided the results for a base case of the data set
that provided reasonable values of calculated parameters. It also compared the results of
the base case with another case of data set that has the largest deviation of results from
reasonable values. The model could calculate the plunger velocity and position
reasonably well, though the sensitivity analysis work suggests the importance of the

availability of fluid property data for more accurate results.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

This research proposed a new plunger lift model by focusing on the upward travel of the
plunger until the start of liquid slug production in a packerless completion. The model
eliminates some assumptions that limited the applicability of previous plunger lift
models. This was achieved by utilizing additional available data for modeling in the form
of pressure and temperature data recorded by smart plungers during the plunger cycles.
The model can also consider the possibility of liquid fallback by slight modifications in
the equations. The model considered is deliberately simple, focusing more on the
fundamental principles that govern fluid flow in the plunger lift system and utilizing the
data from smart plungers. The complexities of adding frictional and acceleration terms to

the pressure balance equations can be done in steps with the availability of more data.

6.1. Conclusions
The research work provides the following set of conclusions.

1. A new model of plunger upstroke has been proposed with an aim to overcome some of
the limiting assumptions of earlier plunger models by utilizing the additional data
available from the smart plungers.

2. The simple model developed using only gravitational terms is implemented in VBA
program. Excel VBA is chosen because of its accessibility and user friendly features.

3. The new model proves that data available from smart plungers can - not only provide
useful information about various events happening during a plunger lift cycle but also

be used as a means to improve plunger lift modeling. However, the only drawback of
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this technology is that the data cannot be obtained in real time during plunger lift
operation.

4. Predictions from the model by using the smart plunger data for plunger upstroke
suggest that the plunger lift cycles are optimized with plunger surfacing velocities
close to zero. This suggests that the shut-in period prior to the plunger upstroke stage
was maintained for minimum duration.

5. The model is deliberately simple, starting with the use of only gravitational terms in
pressure balance equations. However, the predictions from the model indicate that it
already captures the key physics of plunger lift cycles. The additions of complexities
like the use of frictional and acceleration terms in the model’s equations can slightly
improve the model’s predictions.

6. The sensitivity analysis conducted in this work shows the importance of fluid

properties for implementing the current model. A slight variation in the assumed value

of gas specific gravity can change the applicability of the model.

6.2. Recommendations

The model developed in this work is the first step in the use of additional pressure and
temperature data available from a new technology like smart plungers. The derivations of
equations used for model are presented in detail along with the assumptions used to
facilitate future work on the model improvement. Some recommendations for future work

on this model are presented as follows.

1. The model assumes that there is no liquid fallback during the plunger upstroke.
However, liquid fallback can be modeled by slightly changing the conservation of

mass equations used around the plunger to account for mass flow from the region
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above plunger to the region below plunger. To simply account for changing liquid slug
height value, an iterative use of the subroutine for calculating liquid slug height during
different time steps can be implemented in the current version of model.

2. The slug production period can be modeled by considering the liquid slug height as a
changing variable during that period. This modeling can be achieved that liquid slug
height decreases from its constant value (calculated for initial time step) at the
beginning of slug production to zero by the end of slug production period. This change
in height of liquid slug is reflected in the value of plunger velocity because of lower
pressures on the plunger.

3. Future work on the model requires more information about fluid properties for
obtaining better accuracy from the model. Also, using accelerometers in conjunction
with smart plungers can provide useful information about the instantaneous plunger
acceleration, which can then be used to solve the force balance on the plunger directly
during the cycles. These values of instantaneous plunger accelerations can be used to
correlate plunger acceleration to plunger velocity and position.

4. The current model only considers the upward travel of plunger until the start of liquid
slug production. For a complete analysis of the plunger lift system and its
optimization, the complete plunger cycle should be modeled. The models of shut-in
and afterflow periods need to be added to the current model to achieve this objective.

5. Fluid flow from reservoir in case of gas wells with liquid loading is accounted in a
better way using two phase IPR (Inflow Performance Relationship) equations.

6. The results of implementation of the model suggest the need for more information
about different variables used in the equations. This necessity becomes more
significant as further complexities in terms of friction and acceleration are added to the

equations.



62

7. The reservoir transients in the near wellbore region of reservoir become more
significant in tight gas formations, and simple backpressure equation is not sufficient
to model the performance of reservoir in such formations. It also suggests the need for
accounting such reservoir transients by coupling the current model to reservoir

simulators that can capture the reservoir transients.
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NOMENCLATURE

annulus area available for fluids, m?

cross sectional area of the tubing, m”

performance coefficient of the backpressure equation, Mcf/D/psi*
acceleration due to gravity, m/ s>

height of the gas column in the casing — tubing annulus, m

height of annulus liquid level, m

height of the two phase flow region below the plunger, m

height of gas flow region (region 1) above the plunger, m

heights of accumulated liquid slug, m

heights of plunger, m

change in the height of annulus liquid level, m

change in the height of region 2 during a given time step, m
change in the height of region 1 during a given time step, m

total wellbore depth, m

mass flow rate coming from the annulus into the tubing, kg/s

mass flow rate coming from the reservoir into the tubing, kg/s
total mass flow rate into the tubing at any instant, kg/s

mass flow rate near the wellhead, kg/s

mass flow rate at the point just below the plunger, kg/s

mass flow rate at the point just above the liquid slug, kg/s

mass flow rate of liquid from reservoir during a given time step, kg/s
total mass flow rate of liquid into the tubing for a given time step, kg/s

backpressure equation exponent



Pc
Pr
DPwh
Pwf
D1
P2
Pa
qgwh

qgr

Puw

p gwh

ng

Pea
141

1)

X
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surface casing pressure, psig
reservoir pressure, psig
wellhead pressure, psig
flowing bottomhole pressure, psig
pressure at the point just below the plunger, psig
pressure at a point just above the liquid slug, psig
pressure at a point just above the liquid in annulus, psig
average wellhead gas production rate during a time step, m’/s
average reservoir gas production rate during a time step, m*/s
differential gas production from reservoir for a given time step, m’/s
liquid volumetric flow rate from the annulus into the tubing, m’*/s

volumetric flow rate near the wellhead, m’/s

average velocity of the plunger during a given time step, m/s

average density of gas during a given time step, kg / m’

average two phase mixture density below plunger for a given time step, kg / m’
liquid (water) density, kg / m’
average density of gas near the wellhead for a given time step, kg / m

average density of gas at the point just above the liquid slug, kg / m’

average gas density in the annulus for a given time step, kg/m’

beginning of the given time step, s
end of the given time step, s
water yield from the reservoir

mass fraction of liquid inside the tubing below plunger for a given time step
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The data provided from the field measurements is interpolated to obtain a final dataset

with a data frequency of 10 seconds. The final dataset used as input for implementing the

model is provided in Table A-1.

Table A-1 — Final Dataset for Implementation of Model

t p1 T, DPwf Ty Pwh Pe Gwh

(s) (psig) (deg F) (psig) (degF)  (psig)  (psig) (Mcf/D)
0 502.53 265.84 49772 265.85  291.07  400.91 0.00

10 502.76 265.85 49793 26587  282.56  401.04 135.56
20 502.94 265.85 498.07 26586  274.05 401.16 271.12
30 502.99 265.85 498.10  265.86  265.54  401.29 406.68
40 502.82 265.84 49798 26586  257.03 401.42 54224
50 502.43 265.85 497.40 26585 24853  401.55 677.80
60 501.89 265.85 496.43 26584  240.02 401.67 813.36
70 501.05 265.85 49525 26582  231.51  401.80 948.92
80 499.61 265.85 49428 26580  223.00 401.93 1084.48
90 498.26 265.85 49336 26575 21449  402.05 1220.04
100 496.65 265.85 49235 26571 20598  402.18 1355.60
110 494.94 265.85 49137  265.66 19747  402.31 1491.16
120 493.19 265.85 490.61  265.62  188.97  402.44 1626.72
130 491.12 264.16 489.80  265.89  177.99  401.91 1534.01
140 489.09 263.84 488.83 26592  168.36  401.39 1448.54
150 487.07 263.51 488.03 26594  159.55  400.88 1369.86
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t D1 T, Pwf T,y Pwh Pe G

(s) (psig) (deg F) (psig) (degF)  (psig)  (psig) (Mct/D)
160 485.05 263.16 487.09 26596  151.51  400.38 1297.55
170 483.01 262.80 48624 26596  144.18  399.89 1231.19
180 480.94 262.41 48532 26595  137.52  399.39 1170.39
190 478.83 262.00 48447 26594 13147 398.89 1114.76
200 476.67 261.57 483.66 26592 12599  398.39 1063.92
210 474.44 261.09 482.63 26590  121.04 397.89 1017.51
220 472.13 260.58 481.85 26587 11658  397.38 975.19
230 469.74 260.03 481.05 26583  112.56  396.87 936.61
240 467.25 259.43 480.31 26580  108.94  396.34 901.47
250 464.66 258.79 47935 26576  105.69  395.81 869.44
260 461.97 258.09 478.56 26572 102.77 39526 840.25
270 459.17 257.34 47772 265.67  100.15  394.71 813.60
280 456.25 256.53 47701 26563 9779  394.14 78922
290 45321 255.66 47632 26559 9567  393.56 766.87
300 450.06 254.73 47533 26555 9375 39298 746.30
310 446.79 253.74 47445 26550  92.01 392.38  727.29
320 443.40 252.67 47353 26546  90.42  391.76 709.61
330 439.89 251.54 47242 26542 8895  391.14 693.07
340 436.27 250.34 47145 26538  87.60  390.51 677.47
350 432.54 249.06 470.58 26535 8633  389.87 662.65
360 428.07 247.70 469.58 26531 8513  389.23 648.44



Table A -1 Continued

69

t D1 T, Pwf T,y Pwh Pe G

(s) (psig) (deg F) (psig) (degF)  (psig)  (psig) (Mcf/D)
370 424.77 246.28 468.67 26528 8397  388.58 634.68
380 420.74 244.77 46781 26525  82.86 387.92  621.26
390 416.63 243.18 467.05 26522 8176  387.26 608.04
400 412.44 241.52 465.08  265.19  80.67  386.60 59491
410 408.19 239.77 460.17  265.17  79.58 38594 581.78
420 403.89 237.94 459.47  265.15 7848 38529 568.56
430 399.55 236.03 45889  265.13 7737  384.64 555.19
440 395.18 234.04 45886  265.11 7623  384.01 541.62
450 390.79 231.96 459.52  265.09 75.08  383.38 527.79
460 386.42 229.80 45928  265.08 73.89  382.77 513.67
470 382.06 227.56 459.52  265.06  72.68  382.18 499.26
480 377.73 22523 459.54  265.05 7145  381.61 484.55
490 373.47 222.82 45899  265.04 70.19  381.07 469.54
500 369.28 220.33 45891  265.02 6892  380.55 45427
510 365.19 217.76 458.83 26501  67.64  380.07 438.77
520 361.21 215.11 45887 26499 6636  379.63 423.08
530 357.38 212.38 45843 26498 6510  379.23 40727
540 353.72 209.57 45835 26496 6385  378.88 391.43
550 350.25 206.69 45840 26493  62.64  378.58 375.63
560 347.00 203.73 45799 26491 6149 37834 35998
570 343.99 200.69 45725  264.88  60.40  378.16 344.59
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Table A -1 Continued

t D1 T, Pwf T,y Pwh Pe G
(s) (psig) (deg F) (psig) (degF)  (psig)  (psig) (Mct/D)
580 341.25 197.59 45724  264.84 5941 378.05  329.60
590 338.82 194.41 45726  264.80 5852  378.02  315.15
600 336.73 191.17 45691 26475 5776  378.06  301.39
610 328.73 187.04 45594  264.69  72.06 37791  358.73
620 322.37 183.17 45571  264.63 8190  377.74 396.43
630 317.47 179.54 455.62 26457 8787  377.54  417.17
640 313.84 176.13 45581 26453  90.54  377.31  423.45
650 311.29 172.90 45570  264.48  90.43  377.06 417.63
660 309.66 169.83 45526  264.44  88.05  376.80  401.96
670 308.77 166.91 45521 26441 8387 37651  378.56
680 308.48 164.10 45488 26438 7832 37622  349.40
690 308.64 161.40 45495 26436  71.81 37592  316.34
700 309.11 158.77 45460 26434 6473 37561  281.11
710 309.76 156.20 45459 26432 5743 37530 24531
720 310.49 153.67 45414 26430 5022  375.00 210.39
730 311.17 151.18 45401 26429 4341 374.69  177.70
740 311.71 148.71 452777 26428 3725 37439  148.44
750 312.02 146.25 452,61 26427 3199 37410 123.69
760 312.02 143.79 45254 26426 27.82  373.81 104.41
770 311.63 141.31 45218 26426 2492 37353 9141

780 310.79 138.83 452.66 26425 2343 373.27  85.38
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Apart from the field measurements above which vary during plunger upstroke, there are
parameters used in the model that have constant values during the cycles. These

parameters and values used for them are presented in Table A-2.

Table A-2 — Constant Parameters Used in the Model

Parameter Value
Length of tubing, L (m) 3200.4
Density of Water, p,, (kg/m’) 1000
Yield from reservoir, x 0.7
Area of tubing, A4, (m?) 0.00286
Area of annulus, 4, (m?) 0.01247
Plunger height, 7, (m) 0.451
Plunger weight, W, (Iby) 5
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APPENDIX B

The density of gas is dependent on the conditions of pressure and temperature. During the
implementation of model, these gas densities are calculated for different pressure and
temperature conditions by assuming a value of gas specific gravity. The following natural
gas property correlations presented in Guo and Ghalambor (2005) are used for calculation

of pressure and temperature dependent gas density.

The pseudo critical pressure and temperature of the gas are calculated using the assumed
value of gas specific gravity using Eq.B-1 and Eq.B-1

p,. =709.604-58.718, (B-1)
T, =170.491+307.344y, (B-2)

The pseudo reduced pressure and temperatures required for calculating z — factor are
obtained from above pseudo critical properties for given conditions of pressure and

temperature using Eq.B-3 and Eq.B-4.

Py = (B-3)
Py
T
T =— B-4
pr Tpc ( )

The pseudo reduced pressure and temperatures calculated above are used to calculate z-

factor using Eq.B-5 through Eq.B-11.

A4=139(T, -0.92)" ~0.367, —0.10 (B-5)

0.066 0.32p,°
B=(0.62-0.23T,, ) pp,{ 037] o 10;

—2__q. et U B-6
T, —0.86 (5-0)

C=0.132-0.32log(7,,) (B-7)
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D=10" (B-8)
E=9(T, -1) (B-9)
F=0.3106-0.49T, +0.1824T * (B-10)
z=A+——+Cp,” (B-11)

e

Finally, the gas density for given conditions of pressure and temperature is calculated
using the z-factor from Eq.B-11 substituted into Eq.B-12 along with the pressure and

temperature values at given conditions.

27y,p

= ‘8 B-12
- (B-12)
Above correlations to calculate the gas density are used in the implementation of model

for different conditions of pressure and temperature that prevail in the flow regions

during plunger upstroke.
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