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ABSTRACT

This study presents two new models developed to analyze gas flow between
the reservoir and the wellbore while drilling underbalanced. Three drilling operational
stages were considered in the analyses. These stages are the continuous drilling and
mud circulation; suspension of drilling and mud circulation with the wellbore still
opened; and, the shut-in of the wellbore. The first model, called gas bubbly model
distinguishes the inflow pattern of gas into a liquid from that of liquid inflow into a
liquid, while the second model, a wellbore pressure build-up model, is based on the
concepts of increasing annular fluid density during well shut-in. The limitations of
these models are the assumption of isothermal wellbore conditions, application of
radial unsteady flow equation, and that none of the gas inflow has been produced.

The models couple the viscous, surface tension, inertia, buoyancy, force of
fluid gection from the bit nozzles, and the reservoir forces at the wellbore-sand face
contact to analyzing the three drilling operational stages. By incorporating these
forces and conducting the analyses at the wellbore-sand face contact, practica
characteristics of gas bubbly inflow into a denser fluid system is achieved, thus
improving gas formation productivity evaluation while drilling. The improvements
are achieved through the reduction of the wellbore effects such as the gas bubble
coalescence and breakage, and bubble expansion and compression that are not
possible to practically quantify during annular upward flow of gas bubbles.

Among many outcomes from the study are:

1. The radia flow equation of gas inflow into the wellbore during underbalanced

should be applied deeper than a partially penetrated depth of < 1 ft

XV



2. Porosity effect on cumulative gas production is not apparent for smaller drilled
gas formation intervals, but for longer intervals, gas formations with lower
porosity produce more gas volume than ones with higher porosity due to greater

pore space compression. Thisisin agreement with published data

THE CHIEF TECHNICAL CONTRIBUTIONS OF THIS STUDY ARE:

1. Models that take into account the practical characteristics of gas inflow into
denser fluid systems are developed. This allows the gas inflow to be treated
differently from the liquid inflow.

2. Quantitative analyses of gas inflow at the bottom of the hole are made possible by
this study. This approach thus reduces the influences of the wellbore effects on
the gas formation productivity evaluation, which is presently approached as the

differencesin the surface fluid injection rate and the annular outflow rate.
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CHAPTER ONE

FORMULATION OF THE PROBLEM

1.1 Introduction

Since the inception of rotary drilling operations, the occurrence of abnormal
formation pressure that can lead to a kick and subsequent blowout has plagued the
oil/gas well drilling industry. One of the magjor functions of drilling fluids is to exert
adequate circulating and hydrostatic pressures on any formation at any depth as long
as the sediment remains bare opened.**? Consequently, drilling engineers put the
highest priority on the design of wells suspected of being abnormally pressured.
Inadequate control of the influx, such as formation gas, has been identified to lead to
blowout due to the readily expansion nature of the gas. Severe consequences of the
blowout, such as potential loss of life, loss of the well, and environmental damage
have caused most well kick studies to be geared towards achieving successful control

of gasinfluxes or gas kicks.>*">0%2

There are presently two methods™>%>*

used to control gas influx during
drilling operations. One of the methods is known as the “Driller’s Method”. This
method involves continuous circulation of mud with the intent of being able to
circulate the initial gas influx out of the well. Afterwards, the circulating mud is

gradually weighed-up while circulating to exert sufficient backpressure on the

formation to prevent further gas influx. The second control method is known as



“Wait-and-Weight” or “Engineer’s Method”. This method involves terminating mud
circulation, and evaluating the gas kick while the well is shut-in. The Engineer’s
method demands weighing up of the mud to the required mud weight before
circulation to kill the well. These two methods have proven successful at different
occasions. However, the driller’ s method has been mostly adopted for controlling gas
kick taken at offshore locations because of the adverse effect of low temperature on
the static mud density.

To successfully adopt a control method, accurate dynamic description of the
distribution of the gas in the annulus is required. Unfortunately, such information are
not easy to come-by. Consequently, sophisticated gas kick experiments, empirical and
semi-empirical correlations developed for air-water flow, and analytica means have
been used to anayze the flow of gas kicks with the assumption of a gas distribution
pattern. For simplicity, most of these approaches assume that the gas flows into the
annulus as a single bubble and migrates upward as a single slug. This assumption has
been found to be conservative, in that it over-estimates the behavior or distribution of
gas in the annulus and aso the density of the fluid. On the other hand, some
studies™ "?4# assumed that gas kick exists as uniform bubble size distributed in the
annulus.

One of these studies™ was able to show that predictions and analyses for
parameters such as the casing pressure and pit gain are considerably lower when a
uniformly distributed bubble size is assumed than for the assumption of single slug
flow. Also, non-linearity of the surface casing pressure prediction with increasing

shut-in time was attributed to gas bubble fragmentation during upward migration of



the gas bubbles.”® The gas fragmentation theory was realized after unsuccessful
correlation of the predictions from single gas bubble assumption and field
observations. With these findings, over-estimated predictions through the single slug
flow assumption as well as the assumption itself has been considered unsatisfactory.
To buttress the findings, it is apparent that the presence of turbulent flow at the
bottom hole, during gas inflow into the wellbore, should cause gas dispersion into gas
bubbles of varying sizes depending on the gas influx rate.

There seem to be more devotion to analyzing gas kick after it had occurred.
That is, more focus has been directed onto the gas kick control than the causes of gas
kick. Therefore, all the present gas kick models have no choice other than to make
assumptions about a gas distribution pattern, and the volume of mud pit gain as the
bases for their simulations. Some authors™" concluded that there is the need for
more realistic description of gas distribution in the annulus in order to accurately
predict gas kick.

Although gas distribution in the annulus has been convincingly identified to
exist in bubbles rather than as a single slug, consideration of the existence of varying
sizes of gas bubblesis still lacking. One obvious reason is the complexity involved in
anaysis if the currently adopted approach, through gas bubble velocity, for analyzing
gas kick isto be employed. It is apparent that drilling into pressurized gas-containing
formation occurred before noticing, at the surface, that under balanced pressure
condition has been created down-hole. Such continuous drilling into the formation
causes more interval of the sediment to be exposed. As longer interval is exposed,

increasing rate of gas influx is undoubtedly expected, which should induce different



sizes of gas bubbles at the same turbulent flow conditions. This realistic physical
process therefore results in the introduction of varying gas bubbles sizes into the
annulus. For such complex gas distribution, it would be inappropriate to anayze the
gas kick situation through the use of a simple small-scale-developed gas velocity
correlation that is independent on bubble sizes. Unfortunately, this has been the basis
of the currently adopted gas kick analysis. These correlations are discussed in Chapter

2.

1.2 Literature Review

Most of the drilling operation problems are closely related to improper mud
conditioning. Zamora et a’’ provided a comprehensive anaysis of mud-related
drilling problems, and stated the importance of maintaining excellent mud properties
such as mud weight and viscosity in preventing both hole instability and gas influx.
They also emphasized that gas hydrate formation could only result when gas influx is
allowed into the wellbore during drilling under chilled conditions.

Extensive studies”™%"®%! have been carried out to analyze gas flow in the
annulus when gas kick is taken during onshore drilling operations. These analyses
have been extended to offshore drilling operations by considering the imposed
hydrostatic head of the water depth. LeBlanc et al ® introduced a mathematical model
for gas kick behavior during displacement or control using both “Driller’s and Wait-
and-Weight methods’. The model assumes that the gas kick starts as a large single
bubble, and continuously migrates upward as a single bubble from the bottom of the

well bore to the surface. Analysis of each of the two control methods utilizes the



assumption that continuous reduction in hydrostatic pressure as the bubble rises to the
surface leads to bubble expansion. Comparison of their results from the model with
field cases resulted in poor agreement. This is because of the inadequate assumption
of the gas bubble distribution in the annulus.

Rader et a’® conducted experiments on the behavior of a single large gas
bubble in the annulus. Their work claimed to have reveal ed some valuable factors that
affect a single bubble rise. These factors include the shape profile of the single bubble
in annulus; and, the non-linear trend of the observed rates of casing pressure rise
during well shut-in as opposed to constant rate of casing pressure rise being predicted
and used by the existing gas kick models. They found that the assumption of bullet
shape of a single bubble migrating upward in an annulus is incorrect. Instead, a shape
that resembles a “bent hot dog bun” was observed to exist in the annulus for a large
single bubble. Figure 1.1 shows a schematic diagram of this annulus bubble shape.
The degree of curvature of such a single large bubble has been observed to be
dependent on the viscosity of the liquid or mud.

Conseguently, a shape correction factor was incorporated into the various
correlations developed for air-water flow in cylindrical tubes to describe the flow of
air in drilling fluid. In order to justify their observations of non-linearity of the rate of
shut-in casing pressure rise, they assumed that the gas kick initialy exists as single
bubble at the bottom of the hole. Afterwards, the single bubble starts to break into
numerous slugs of gas as the upward migration continues during well shut-in. This
speculation was used as a line of defense for the poor agreement between their results

and field cases. Mathews™ utilized a similar approach as Rader et d, but his study
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also resulted in poor agreement between the results from the model and field cases.
Following the proposition of inappropriate single bubble flow assumption to

analyzing gas kick by Rader et al.”?, Nickens*®

performed an analytical study on
the transient behavior of liquid/gas flow system. The study incorporates some sets of
transient mass- and momentum-balance equations that relate gas and mud densities;
gas void (volume) fraction; gas and mud velocities; and, pressure and temperature.
These equations are based on vertical-hole geometry, and one-dimensiona flow
analysis. The semi-empirical correlation developed for the gas slip velocity of the air-
water systems, and single- and two-phase frictional relationships were included in the
anaysis. He emphasized the importance of considering the possible influx of
considerable amount of gas after the BOP and choke have been closed. He also stated
that accurate knowledge of gas distribution pattern in the annulus helps to adequately
analyze gas behavior during well shut-in and kick control. In light of this, he assumed
three cases of different combination of ROP and formation permeability. Each of
these cases was assumed to result in a uniform bubble size distribution of gas in the
annulus rather than a single bubble. However, no justification was provided that these
cases would actualy produce discretely distributed gas flow. Despite al the
inadequacies, the results showed a better agreement because of the assumed discretely
distributed bubbly gas flow pattern.
Zuber and Findlay® derived atheoretical relationship that linearly relates the

mean gas velocity to the velocity of the two-phase (homogeneous) region and the gas
dip velocity. The magnitude of the slope or gradient of such expression was reported

to be dependent on the distribution pattern of bubbles in the annulus. Their work was



based on the flow of air in water, and therefore, the effect of fluid viscosity was not
considered. The homogeneous velocity was calculated by combining the volumetric
flow rates for the gas and liquid, and the cross-sectional area of the system.

Johnson and White® conducted a large-scale experiment to observe the gas
flow pattern in a clear polymer fluid that closely resembles drilling fluid used in the
field. The basis of their analysis was on the linear relationship developed by Zuber
and Findlay.®" Johnson and White® showed that gas kick rises as larger gas bubbles,
and faster in a viscous fluid than in water. The formation of larger bubbles was
attibuted to the stabilizing effect of the viscous fluid. Equating the drag force
expression of the Stokes formula to the buoyancy force on a bubble of specific
diameter, it could be realized that the terminal velocity of the bubble must increase in
fluids of decreasing viscosities. However, with all things equal, larger bubbles are
readily formed in higher fluid viscosities. A force balance exercise for the above
mentioned forces (Stoke's formula) would indicate that the terminal velocity of any
bubble size is proportiona to the square of the bubble size, any slight increase in the
fluid viscosity that promotes larger bubble size should cause increase in the terminal
velocity. Therefore, the experimental observations by Johnson and White* could be
considered as being consistent with the existing theory.

Although Johnson and White® stated a range of the liquid superficial velocity,
its effects on the variations of bubble sizes were not presented. However, the plots of
bubble slip velocity and the slope from Zuber and Findlay® expression versus the
various gas void fractions show that there are glaring variations in the slip velocity of

gas bubbles in the two-phase region. That is, as the gas volume or gas void fraction



increases, the bubble dlip velocity increases. However, when they plotted the mean
gas velocity against the homogeneous velocity for gas void fractions of higher value
than 7.5%, a constant gas dlip velocity value resulted. This clearly shows
inconsistency in the analysis of the experimental observations.

Otake et a'® conducted a comprehensive experimental study using high
speed cinematography to monitor the 3-D movements of a single bubble, and an
isolated bubble from a swarm of bubbles. From the observations of the bubbles in
various stagnant viscous liquids of varying properties, bubble terminal velocity was
seen to increase with increase in the bubble equivalent diameter. Such velocity
increase is pronounced in more viscous liquids. Also, larger gas bubble sizes were
observed to readily form in more viscous liquids than in water. This observation
supports the experimental results of Johnson and White®. The Otake et a'® results
indicated that larger gas bubbles are formed through the coalescence of smaller gas
bubbles at a position close to the gas supply source. Moreover, with increase in the
gas flow rate from the gas supply source, the position at which these larger gas
bubbles starts to form gets closer to the source of gas supply. A logical explanation
for the formation of larger bubbles as the gas flow rate increases is due to the
increased cluttering of smaller gas bubbles at a position very close to the source of
gas supply. Hence, for a certain high viscosity fluid, increased gas flow rate causes
larger bubbles to form at decreasing distance from the gas supply source.

Maus et a>* developed a gas kick computer program that utilizes the mass and
momentum balance equations, which relates the different phases in the annulus. They,

like some other authors, treated the annulus flow as a single bubble flow. The study



involved the evaluation of various field parameters - mud pit gain, return flow rate,
and standpipe pressure - that are usually interpreted to indicate the occurrence and
significance of gas kicks. Their analyses were oversimplified because it was strongly
based on the assumptions of linear relationships that were empirically adopted from
the simulation results. Although they attempted to simulate the effects of reservoir
and drilling operation parameters on the rate of kick notification, their approach was
limiting and inconsistent because the assumed linear relationships may not hold for
all gas kick case scenarios. However, the flow rate of the returning drilling mud was
chosen as being the most sensitive means of early kick detection because of the
slower rates at which other parameters change.

Hoberock and Stanbery® introduced the concept of transmission line to
analyze gas kick taken during onshore drilling operations. This involves treating a
borehole system as a continuum. Although the approach was initially designed for the
flow of Newtonian fluid in a cylindrical geometry, adequate modifications were done
for its use for non-Newtonian fluid flow in annular geometry. This study assumes that
the initial gas distribution pattern is in discrete bubbles, which later grows into slug
flow. However, no evidence for such gas distribution existence was provided.
Moreover, the popular correlation by Zuber and Findlay® and the gas slip velocity
developed for the air-water flow system were used. The results from their model
showed over-prediction of mud-pit gain as compared to the experimental outcomes
from the test well at Louisiana State University.®* An apparent redization from this
study is the fact that the study forced its modeling procedures to some specific test

well results, thereby, not representing a general procedure.
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Thomas et a® and White and Walton® compared the effects of gas solubility
in oil- and water-base muds on the gas kick detection rates. The results showed that
there is delay in mud-pit gain when oil-base mud is used as compared to when water-
base mud is used. Such results show that gas could readily dissolve in oil base mud
than in water base mud, and at the surface conditions, gas evolves from the oil base
mud, hence causing slower rate of mud pit gain for the oil base mud. Therefore,
significant amount of gas influx might be allowed into the oil-base mud compared to
when water-base mud is used. Such comparisons are not part of the goals for the
present study.

Choe and Juvkam-Wold® realized the inconsistencies in the use of the mass-
and momentum governing equations by the past authors. They noticed that the
assumptions used by individuals to simplify these equations had made the resulting
expressions from finite difference solution susceptible to errors. Therefore, they
introduced two-phase unsteady flow in the annulus that incorporated variations in
annular geometry. Pseudo-pressure function for the gas, instead of ordinary pressure
parameter, was used for their modeling and analysis. Likewise, as their predecessors,
the authors assumed that the entire gas flows into the annulus and stops flowing. This
therefore creates four regions in the annulus namely: a single-phase region of old mud
before gas influx, the two-phase mixture region, a single-phase region of old mud,
and a single-phase region of kill mud underneath. The inclusion of a single-phase
region of old mud underneath the two-phase mixture is practically not feasible. This
IS because gas continues to flow into the annulus until the kill mud gets to the

formation face and suppresses further gas inflow. Therefore, overall three flow
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regions should have been considered. Consequently, comparison between the results
from their model and field data consistently showed over-estimation and under-

estimation before and after the gas reaches the surface respectively.

1.3 Objectives and M ethodology

A major goa of any gas kick simulation is to adequately evaluate the pressure
of the gas reservoir encountered. Such evaluation helps to control the gas kick
satisfactorily. Due to the change of an initial single-phase annular flow to a two-phase
flow system when a gas kick is taken, analysis of gas kick has become very
challenging and complex. From the literature reviews, it is apparent that accurate gas
distribution pattern in the annulus is essential for predicting and controlling a gas
kick. However, no work has been recorded in the literature that provides such
opportunity.

In addition to the above motivation for the present study, it is impractical to
assume that gas kick analysis should be based solely on the upward migration of gas
bubble whether during well dynamic or static conditions. Aswill be fully discussed in
Chapter 4, the contribution of such gas bubble migration to pressure rise during well
shut-in has been observed in practice during well testing operations to be minimal and
occurs during the late period of pressure stabilization. Moreover, if the rise in annular
pressure due solely to bubble upward migration ever occurs, the time of occurrenceis
short, and such occurrence dies off at pressure stabilization. Moreover, the effect of

bubble migration on pressure rise is dampened by higher annular fluid

12



compressibility when the well is closed at the surface, which is usualy the

operational procedure used after akick istaken.

All of the above, thus, point to the fact that the present approaches to gas kick

analysis need to be thoroughly investigated, and possible alternatives to analyzing gas

kick devel oped.

1.3.1 Objectives

There are four major objectives for this study.

1.

To develop a new mathematical model for wellbore and surface casing
pressure predictions based on varying annular fluid compressibility rather than
by gas bubble migration.

To mathematically simulate the inflow of gas during gradual bit penetration
into pressurized gas formation under three operating conditions: during
continuous drilling and circulation of drilling fluid; when the drilling
operation and the circulation of drilling fluid are suspended for any reason;
and during well shut-in. This will involve a different approach from the
known present approaches. It is a new concept that provides mathematical
relation of the forces resulting from the gas inflow, drilling operation, and
dynamic and static conditions of drilling fluid.

To show that when gas inflows during underbalanced drilling operations, the
gas exists as bubbles of different sizes, and not as a single bubble or uniformly

distributed bubbles of the same size.
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4, To perform a parametric study of the effects of various factors such as gas
influx rate, drilling fluid properties, ROP, and gas reservoir permeability and
porosity on gas bubble sizes at the wellbore-sand face contact to alleviate the

wellbore effects on gas formation productivity evaluation.

1.3.2 Methodology

The present study intends to mathematically describe realistic gas kick
behavior and its instantaneous distribution from the time the bit penetrates the
pressurized gas formation until attempts for control is made. This new concept will
serve as solution to the lingering quest for reasonable gas kick distribution in the
annulus. The study is conducted on the whole gas kick periods - from the inception of
gas influx to the kick control period, which are divided into three stages based on the
different well conditions existing within each period. Each of these operating periods
are analyzed separately and later combined to obtain a genera insight of the whole
two-phase system. For the purpose of this study, the three drilling periods have been
referred to as stages and they are asfollows:

|. Stage 1 — Instantaneous gas influx while drilling and circulating
I1. Stage 2 — Suspension of drilling and mud circulation
1. Stage 3—Well shut-in on gas kick

For each of the above stages, the forces that are responsible for the

establishment or formation of bubbles are considered. These forces are:

|. Theviscous force from the drilling fluid viscosity
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I1. The surface tension force that exist on the surface of the forming bubble, which
isrelated to the hydraulic radius of the gas sand or reservoir being drilled
[11. The inertia force due to the movement of the fraction of drilling fluid
surrounding the forming bubble as the forming bubble expands, and
IV. The buoyancy force due to the submerged bubble volume

Among all of these forces, the buoyancy force is the only force that supports
the continuous expansion of the bubble, while the other forces oppose the expansion
of the bubble. These forces are schematicaly presented in Fig. 1.2. Force balance
between the associated forces resulted in a complex model that could only be solved
by iterative procedure.

Consequently, a computer simulation program is designed to carry out such
iterative steps until a minimal error is reached. In the design of the simulation
program, considerable reduction of the overall execution time for the iterative stepsis
given ahigher priority in order to quicken the time for the analysis. Among the results
generated by this computer program are the numbers of iteration required for the
attainment of minimum error, the error analysis plots for each iterative procedure
carried out, various bubble sizes as drilling operation continues before kick detection

and during well shut-in, and bottom-hole and casing pressure rise.

1.4 Organization of the Dissertation

Chapter 2 of the dissertation presents a complete review of the theoretica
background of the gas kick. It provides a description of the causes of abnormal

formation pressure that initiates gas kick. The consequences of such occurrences, the
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identifications of the when higher formation pressure is being penetrated, and the
procedures for the kick control methods are also presented. Under this chapter,
detailed descriptions are provided for bubble formation in aflowing and static vertical
column containing different viscous fluids. Lastly, different gas flow patterns that
have been identified in the literature are thoroughly discussed.

In Chapter 3, the general mathematica model for gas distribution in the
annulus is presented. The overall model assumptions, model development, model
evauations, and discussions on the sensitivity analysis of various factors on gas
bubble size distribution are presented. The general model is applied to the first two
stages: during drilling and flow-check.

Chapter 4 comprises of the last physical process: well shut-in. In order to
evaluate the gas reservoir pressure for adequate drilling fluid weight-up, the wellbore
needs to be shut-in until surface casing pressure stabilization is attained. This Chapter
presents a new mathematical model for predicting casing and bottom-hole pressure
buildup by employing the wellbore storage concept. Detailed discussions on the
modeling techniques, and the simulation results are presented. Modifications to the
assumptions in Chapter 3 are provided to suit the stage 3 of this study. Under the
analysis of the simulation results the following were conducted: the effects of
reservoir permeability, as well as nominal gas kick size or volume on both casing and
bottom-hole pressure build-up rate, effect of the bottom-hole build-up on the annular
gas density variations, profile of instantaneous bubble sizes inflow into the annulus

during shut-in, and the integration of all the modeling stages.
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Chapter 5 discusses the application of the introduced concepts to under-
balanced, near-balanced or flow-drilling operations. Model evaluation and validation
with some presently existing gas kick models and their published data are aso
provided.

Chapter 6 presents the summary, conclusions and recommendations.
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CHAPTER TWO

THEORETICAL BACKGROUND OF GAS
INFLOW ANALYSIS

2.1 Introduction

Normally, during drilling operations, over-balanced condition of bottom-hole
circulating pressure over the formation pressure is desired to prevent inflow of
formation fluid into the wellbore. If, however, a higher than expected formation
pressure is encountered downhole, under-balanced pressure condition results, which
alows formation fluid to flow into the wellbore. More consideration is usually
devoted to controlling inflow of gasinto the wellbore because of the tendency for gas
bubbles to carry the high formation pressure to the surface, which could be disastrous.

To prevent the occurrence of gas inflow or kick, thorough formation pressure
analysis of the drilling environments is usually conducted both at the well planning
stage and during drilling operation. In light of this, many methods™™ of detecting the
existence of overpressured formation, and predicting the overpressure or abnormal
pressure magnitude are readily available in the industry. Each of these methods is
subject to limitations based on the assumptions underlying its methodol ogy.

Whenever gas kick occurs, the gas flows in mixture with the flowing drilling
fluid or migrate upwardly when drilling fluid circulation is suspended. Experimental

62,111,112

analyses of airflow in water have identified various patterns to which air or

gas could adopt while flowing with or migrating in a liquid. Each of these gas flow
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patterns has been characterized based on the superficial velocities of the liquid and
that of the gas. Superficial velocity of any fluid is defined as the velocity at which
such fluid would flow in the same medium as a single phase.

In this chapter, various theories relating to causes of gas inflow into the
wellbore, and currently employed techniques for abnormal pressure prediction are
briefly presented. In a physical sense, inflow of gas into either static or a flowing
liquid should result in formation of series of gas bubbles and not a single gas bubble
at any inflow rate of the gas. Thisis because, at any gas inflow rate, force balance on
each of the formed gas bubble causes the bubble to detach from its source and thus,
allows another bubble to form.®*™ Hence, theories of bubble formation at the
wellbore-gas reservoir contact would be the major area of focus in this study. In light
of that, physical theories that have been experimentally proven would be summarized
in this chapter. The second section of this chapter would discuss the theories on
wellbore pressure build-up that are used in Chapter 4 for analyzing surface and

bottom hole pressure rise during well shut-in on gas-drilling fluid mixture.

2.2 Abnormal Formation Pressure Concepts

Existence of overpressure requires some means of formation isolation by
seals from its surroundings.?® The origin of a pressure seal could be physical,
chemical, or a combination of both. Table 2.1 shows some suggested formation
pressure seals.? A conseguence of these sealing processes is the development of a
partially or completely closed system. One of the requirements of a closed system is

the inhibition of further migration of hydrocarbons from and into the closed system
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while the internal chemical/diagenetical processes continue. A system that is not in
communication with its surrounding is considered abnormal, and thus, subjects its

internal components to more than normal pressure or overpressure.

Table 2.1 - Suggested types of formation pressure seals?

Type of Sedl Nature of Trap Examples

Verticd Massive shales and siltstones | Gulf Coast, U.SA.,
Massive sdts Zech stein  in North
Anhydrite Germany
Gypsum North Sea, Middle east
Limestone, marl, chalk U.SA. USSR
dolomite

Transverse Faults Worldwide
Salt and shale diapirs

Combination of worldwide

vertical and

transverse seals

The most prominent occurrence area or region of overpressures has been
identified to be in deltaic environments, where sand/shale sequences dominate. Such
occurrence is geologically based, which then makes the abnormal pressure analysesin
geologic provinces to differ from each other. In the early times, the general concepts
of overpressure development have been attributed to non-equilibrium compaction of
shale sediments during sediment deposition.® The non-equilibrium compaction has
been attributed to a sediment deposition rate that is greater than the rate at which the
inherent shale fluid or water is expelled from the sediment during deposition.

However, recent studies™®'**?° have identified other factors, such as fluid expansion
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due to elevated temperature, impact of tectonic forces, and transformation of shale

mineralogy, as responsible for formation over pressuring.

2.3 Techniquesfor Predicting Abnormal Pressure

While normal pressure gradient prediction is easily conducted through some

widely accepted generalized expressions,>® abnormal pressure predictions are based

0 11-20

on regiona experience,”™° regression analysis on real-time drilling data, and
calibration of off-set field data®*™* As could be noticed with the larger numbers of
literature available for pre-drill methods, more attention has been devoted to such
prediction methods because of the need for estimating pressures during well planning.
After the planning stage, any subsequent pressure analyses are then improved upon
by incorporating the newly acquired pressure data from drilling operations. Figure 2.1
shows typical plots that aid in identifying the existence of abnormal pressure at
certain depth.

Unfortunately, all pre-drill methods are based on calibrating data from offset
wells and offset field seismic survey data. One of the currently used pre-drill
formation pressure prediction method is that by Bowers.** This approach relates two
seismic attributes (sonic velocity and effective stress) empirically to generate
expressions for predicting abnormal pressure. Figure 2.2 shows atypical relationship
of these seismic attributes. The figure displays virgin and unloading curves that
represent the relationships between the seismic attributes during the normal

compaction of the sediment, and the effects of fluid expansion due to increased

temperature on the pore pressure respectively. The empirical correlations developed
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between sonic velocity and effective stress for the normal compaction (virgin curve)
and that for the overpressure caused by the combination of under-compaction and
fluid expansion phenomena (unloading curve) are given in Egs. 2.1 — 2.5 as follows:

For virgin curve:

vs = 5000+ Ao, B .21

For unloading curve:

)7

Ve = 5000+ A 0y ax (G%Vmaxj .22

_ (Vemax 5000\ B
O-V,max - T

A and B are parameters calibrated with offset well sonic velocity and effective stress

. 2.3

data. oy max and vgmax are the estimates at the onset of unloading from the normal

or virgin curve, as shown in Fig. 2.2. U is another parameter that measures the degree
of plasticity of the sediments. U = 1 means that there is no permanent deformation. In

practice, values of U range from 3 to 8. U can be solved-for by using the following

relations:
_ U
(Gv/Uv,max) = (ch/Uv,max) .24
where,
1/B
- 5000
O\ = (VSTJ 25

One disadvantage of this approach is that there are many parameters to be estimated,

and summed-up errors from the estimates of these parameters could negatively affect
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the precision of the predicted pore pressure. Moreover, Bowers* related data points
by regression analysis, as other studies on abnormal pressure prediction used for their
various approaches. Unfortunately, with considerable scattering of data points,
prediction from regression anaysis incorporates summed-up error of all errors
developed in fitting the scattered data points. This source of prediction inaccuracy
was later detected, and a proposed solution was presented by the use of Spline
Functions for data calibration.® Figure 2.3 shows improved accuracy in the
formation pressure predictions using the Spline Function (PLF) over the regression

anaysis.

2.4 Theoretical Analysisof GasInflow

The theoretical evaluation of gas inflow, and of providing pressure-controlled
procedures of circulating the gas out of the wellbore is based on a“U” tube classical
model. Figure 2.4 shows a schematic representation of a U-tube, which is usually
adopted to simulate the connectivity of the inside of drill-pipe and the annulus. Over
the years, two approaches have been adopted, whose differences are based on
different operational control procedures. All of the approaches associated with this
classical model are based on the assumption that the gas inflows into the wellbore as
asingle bubble, which flows or migrates upwardly as entity.

One of these approaches is the “Drillers' or Circulate method, which involves
displacing the gas kick with the original mud weight, being previously used to drill,
using a much higher circulating pump pressure. This higher circulating pump pressure

should be greater than the stabilized shut-in drill pipe pressure that must have been

26



Comparison of Measured Formation Pressure Gradient (FPG)
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Fig. 2.3 — Improvements on pressure predictions by spline function over regression
analysis approach

27




| Pdp - Pﬂﬂh
/?'D & (D = hg)

DRILLPIPE ANNULUS

Fig. 2.4 — U-tube modeling of wellbore configuration®
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previously obtained by shutting-in the well after gas inflow detection. Afterwards, the
pump circulating pressure is reduced after the kill mud of higher density has been
successfully circulated into the entire wellbore. Hence, this method requires two
complete wellbore circulations.

The second method is the Engineers or Wait and Weight Method. This
method involves the evaluation of the reservoir gas inflow into the wellbore during
well shut-in. Instead of circulating the inflow out of the annulus with the original
drilling mud, as for the case of Driller's method, a kill mud is prepared and circulated
through out the entire wellbore after attaining stabilized casing and drill pipe
pressures. Contrary to Driller's method, Engineer’'s method involves only one
complete wellbore circulation.

Figure 2.5 schematically displays a single gas bubble migrating upward in the
annulus during well shut-in after gas inflow detection. With the assumption that the
gasinflow isin form of a single gas bubble that occupies the entire annular diameter,
apressure balance in the annulus during shut-in of the well is given as:**®

Pesg * 0.052; hy + 0.052pgashgas +0.0520; hy = Ppore .26

Where Peggand P, are the surface casing pressure and the reservoir fluid pore

pressure respectively. With the assumption of a negligible gas density, Eq. 2.6

becomes;

Pesg *+0.052; hy +0.052; hy = Ppore .27

Equation 2.7 isre-written as:

Pesg — 0.0521 hyas = Ppore —0.052; hy .. 2.8

Inside the drill-string, the right-hand side expression of Eq. 2.8 can be
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trandated as:

Poore —0.052p; h,, = SIDPP .29

Equation 2.8 isrewritten as:

Pesg — 0.052; hgs = SDPP .. 210

There are changes in the gas bubble volume due to expansion as the gas
bubble migrates upward. At a particular depth in the annulus, the annular height

occupied by the gas would depend on its new volume attained at such depth. That is,

- Vgas

hgas =, 211

ann

Where Vg, isthe annular capacity around the drill-string. The attained volume of the

gas at any depth, Vs, is usually obtained from the ideal gaslaw asfollows:

ProraV i PyadV,
poreVpit _ "gasVgas ... 212
Ty Tgas

Where Py,g is the pressure in the gas bubble at a particular depth above the bottom-
hole, and it isgiven as:

P

gas = Posg +0.0521hy ..213

Combining Egs. 2.10 to 2.13 results in a quadratic expression for the surface casing

pressure in terms of the varying depth, h,, from the surface to the top of the bubble.

This expression is given as follows:
2 -
aPeg *hPegg +€=0 .. 214

Where,

a=1
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b = —(SDPP -0.052p, h, )

I:)poreVpitTgas

c=-0.052p,| h,SDPP +
PI[ a VT

In Eq. 2.11, a gas bubble of certain volume is assumed to have entered the
annulus a once with its internal pressure being equal to the reservoir pressure. This
gas bubble volume is then immediately reflected at the surface mud pit as a gain or

rise in the mud pit volume, V¢ . This is practicaly inadequate because it has been

discovered that the response of the surface mud pit to gas inflow is low until the gas
occupies a significant annular volume.>* Hence, before gas kick detection, gas would
increasingly enter the annulus as drilling operation continues into the gas formation.
Redlisticaly, the gas continues to enter the annulus in bubbles of different
sizes/volumes due to the turbulent forces from the circulating drilling fluid. However,
for sake of convenience, al these differently sized bubbles that entered the annulus at
certain drilling period and at certain interval of the gas formation are lumped together
to form a single spherical gas bubble for such interval and drilling period. This
accounts for the phrase “ apparent bubble size” used in this study.

Gas bubbles are susceptible to expansion as they flow or migrate upward the
annulus before gas kick detection. Therefore, the gain in the mud pit volume at the
time of detection would be the combination of the volumes of all the bubbles at the
instant of their entrance into the annulus or at the wellbore-sand face contact and the
respective extent of expansion that each bubble had undergone. Such inevitable gas

bubble expansion causes reduction in its internal pressure. Hence, at the time of
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detection, the annular gas volume indicated by the gain in the volume of the surface
mud pit would practically not be at the reservoir pressure.

In practice, the above assumption is usually undertaken because the total
volume of all the bubbles at the instant of their inflow cannot be accounted for. A
theoretical analysis that treats such complexity or unknown is presented in Chapter 3
of this study. That is, in Chapter 3 a means of estimating the volumes of the series of
gas bubbles as drilling and mud circulation progress, and during the suspension of
mud circulation would be provided. By implementing this new approach,

improvement in the above-discussed gas inflow or kick evaluation would be realized.

2.5 Concepts of Gas Bubble For mation

Experimental and theoretical studies®>*®*? have demonstrated that gas
inflow into a stationary liquid exists inform of gas bubbles proximal to the source of
the gas supply. With high inflow rate, the number of these bubbles clustering together
increases. The continued degree of clustering promotes the development of larger
sized bubbles as the inflow rate increases. Thus, depending on the gas inflow rate,
larger bubbles could start off from the lower part of the system, or be formed as a
result of coalescence of bubbles at the upper portion of the system.8%109112
As earlier mentioned, various existing theories relating to the formation of

bubble would be reviewed because it is the concept upon which the study in Chapter

3isbased.
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2.5.1 Background and Principles of Gas Bubble Development

The theories behind bubble development have been solely based on the
assumption of non-dissolution of the gas phase in the liquid phase. Also, equivalent
spherical size is assumed for al developed bubbles. As technology advances, a
number of forces have been identified to be responsible for the development of gas
bubbles. Different combinations of these forces that have resulted in evaluating
volume of a bubble that develops would be considered in this section. Up to date, the
following forces have been recognized to dictate bubble sizes;>" %%’

a. Liquid surfacetension
b. Liquid viscousforce
c. Inertiaforce of theliquid, and
d. Buoyancy force on the bubble
Taking into consideration only the equality between the buoyancy force and the
surface tension on bubble formation, the radius of the bubble formed has been given

as®’

(gjﬂ- rgg(lol _pg): 2T (Yo ... 215

The LHS expression of Eq. 2.15 is the buoyancy equation that relates the density
difference between the fluids and the volume of the bubble formed. The RHS,
however, represents the surface tension of the liquid, which acts around the formed

bubble while still attached to the gas supply opening of radius r,. Re-arranging EQ.

2.15 gives the radius of the bubble as follows:



or
rg ~1.14 0 ... 2.16
5{g(lol pg)

The radius of the bubble calculated from Eq. 2.16 is the expanding bubble radius just
before the bubble uplifts from the gas supply opening, but still attached to the gas
supply opening through a stretched neck. During this period, more gas still flows into
the bubble, which results in further expansion of the bubble before it is finaly
detached from the gas supply source. For a system of low constant gas flow rate, the
time required for the bubble to move from the gas supply opening before detachment
is required to be able to compute the final bubble volume attainable at detachment.
Application of the equation of motion to the termina rising velocity of the bubble
results in the following expression for the final bubble volume in inviscid or non-
viscous liquid.*

6/5
g

3/5
9

Vpg =1.138—2 .. 217

Davidson and Schuler® developed an approximate bubble volume that forms
a gas flow rates between 0 and 50-ml/s in a static viscous liquid under the
assumption that the formed bubble is spherical. Flow rates ranging from 0 —2-ml/s
were considered as low rate, while gas flow rates higher than 2-ml/s were considered
to be higher rates of flow for their study. Another approach of the forming bubble
moving from the gas supply opening, other than the establishment of a neck linking
the bubble and the supply point was considered by the authors. The bubble was
assumed to have its center at the gas supply source when it starts to form. However,

the center of the bubble moves gradually upward as it expands with the lower end of

35



B O
= e oo
O BC CRO
1O po CRO
3O po KO
O PO (PO
o O BS (0O

Gasflowrate =24 m/s
Viscosity =711cp
Density =1.25g/ml

Radius of orifice = 0.096 cm
Bubblevolume =25ml
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flow rate®
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the spherical bubble still buried inside the gas supply opening. An example
photograph of bubble formation in a static viscous fluid of 711-cp, density of 1.25-
g/ml, at the orifice radius of 0.096-cm for a gas flow rate of 24-ml/sis shown in Fig.
2.6. Considering Stokes expression for the bubble velocity after time, t, as:

_ 2r2g(py - Pg)
WY

VB . 218

and knowing the gas flow rate, the variations in the upward distance moved by the
center of the bubble with time was derived. From this derivation, the following
expression for the final bubble volume was obtained.
3/4
Vob :4.877r1/4{ Hq J ... 2.19
g\p1 — Pg

Figure 2.7 shows a comparison between the experimenta results and the theoretical
calculations using Eq. 2.19. For the cases considered in their study, it could be seen
that as the viscosity increases, the two results are in close agreement at low gas flow
rates, while dlight differences exist as the gas rate increases. Also, for low viscous
fluids, there are inconsistencies in the comparison at both low and high gas flow rates.

Sullivan et a.% followed the bubble development pattern by Davidson and
Schuler®, but considered additional forces such as the bubble momentum force,
inertiaforce, acceleration force, and viscous force. However, their study was based on
the horizontal flow of the bubble along a flat surface after the spherical shape of the
bubble is defined.

Obvious existence of a neck formed by the bubble when uplifting from the gas

supply opening as shown in Fig. 2.6 at high gas flow rates made Kumar and Kuloor®’
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eguate only the buoyancy force to the inertia force of the fluid moving downward
around the forming bubble. They pioneered the division of the bubble formation into
two stages. expansion stage, which is characterized by the continuous gas flow into
the forming bubble to cause bubble expansion before uplifting of the bubble
commences; and, the detachment stage that starts at the instant that bubble uplifting
commences until the neck of the bubble breaks away from the gas supply source.
Their approach is based on the assumption that the bubble is spherically shaped right
from its appearance at the gas supply opening until detachment. They provided
explicit mathematical influence of another concept, known as virtual gas mass>, on

the bubble size. The expression derived for the expansion stage is given as:

r 13/5

2 11
Qg(Pg +16le
Vg = ... 2.20

_12”(43ﬂj2/3(ﬂl - pg)

Application of Newton's law of motion to the instantaneous bubble velocity from the

gas supply opening, and the consideration of continuous gas flow into the expanded
bubble during upward movement before detachment resulted in the following

expression for the final bubble radius.

_ P (2 2) ON (,1/3 1/3) 1 13 P2
g _4—6/Db ~Vg )-—WVpp> - Vg ° )+ —| 3NV5, _EVB (InVpp —1nVg)
g dg Qg
.. 2.21

where,
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To solve for the final bubble volume, Vp,, Eq. 2.21 has to be iterated after

calculating the bubble volume and radius at the end of the expansion stage from Eq.
2.20. From the comparison of results for the theoretical anaysis and some
experiments, noticeable differences in the estimated bubble volumes were observed
as the volumetric flow rate increases.

Ramakrishnan et a® and Satyanarayan et a® provided some generalized
expressions for bubble volume or size under the constant gas flow and constant gas
pressure conditions, respectively, for bubbles formed at gas supply source submerged
in viscous fluids. These studies are general in the sense that al the recognized forces -
buoyancy force, surface tension, inertial force, and viscous or drag force — that
control bubble development were considered. These two studies followed the
modeling approach by Kumar and Kuloor®’. Consequently, the forms of their results
are similar to that of Kumar and Kuloor®. The expressions derived by Satyanarayan

et al® for estimating a bubble volume at constant gas pressure is given as follows:

2,213 2 /-1 -1/3
UGy, 1GVppa | 3CUV

Db
T 2 C+Do  ...224
647;() 51272'2(j
A 4

1/3
2( ¥ j
4

where A, B, C are arbitrary parameters defined as follows:

Vbppo 9 =
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1/3 ~1/3
3 1/3 20V,
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(47zj Db 19 (3)”3
4r l
and,
P =Py —pigh .. 2.28

The study by Satyanarayan et a® is applicable to systems with varying gas
inflow rates, but under constant gas supply pressure that is synonymous to the
assumption of constant reservoir gas pressure at the time of drilling through such
reservoir. This approach was, therefore, used as the platform for the present study
with necessary modifications to suit Petroleum Engineering applications. Figures 2.8
and 2.9 show some examples of the agreement between the theoretica and

experimental results provided by Satyanarayan et al®.

2.6 Mechanics of Wellbore Pressure Buildup

Under this section, basic theoretical and practica concepts of the
causes of wellbore storage are reviewed. Various analogies derivable from these

concepts are utilized in developing a new model for the bottom-hole and surface

41



BUBBLE YOLUME Cm?

SYSTEM y?
0k
A AIR-GLYCEROL SOLN. 595-0cp.
L " - 2980 -
20 = ® " . 1700 ®
i L L] so.a (]
—= PRESENT MODEL
0=
L Ds0-2532 em
' Ke 1+ 360em gy
6 e
o
2k
1 1 [ T B B AT | 1 TR S T W A |
100 1000 10,000

PRESSURE DROP Ps(R-figh)gm/cm. sec?

Fig. 2.8 — Viscosity effect on bubble volume by Satyanarayan et a®

42



Wi
SYSTEM : AIR-GLYCEROL SOLN.
20 A
¢ Mbcp. D:0:4050¢cm
A 6ep K-;-ﬂm’l{wb‘z
= PRESENT MODEL
"
£ not
T sof
3
J -1
]
> §0F
m
3 F
0 De0:2532 ¢m
3 oy Ki1-340 crn'blﬂ
JOp
20k
De(+1532¢m
» Ke4%6cm Ry
10 ] L1 1 1t ] Liaal 1
100 20 500 Y000 2000 5000 14,000

PRESSURE DROP P(R-fioh! gm/cm,sec?

Fig. 2.9 — Effect of gas supply openings on bubble volume by Satyanarayan et al®



casing pressure rise during well shutting-in on drilling fluid that is contaminated by
gasinflow from a gas formation. Thismodel is developed and presented in Chapter 4.
Since the needs to evaluate well completion and reservoir properties began, it has
become a custom to alow the reservoir to regain, to a reasonable extent, its original
status prior to drilling into it. In doing so, the wellbore is usualy shut-in to promote
pressure build-up both in the wellbore and in the reservoir. Subsequently, the
measured pressure buildup data are analyzed to obtain reasonable information about
the reservoir properties, and the productivity of the wellbore.

Three factors have been recognized to control pressure build-up in wellbores.

93-96,99,102-107
, and

These are the wellbore storage effect, near wellbore damage or skin
gas upward migration in a liquid known as the phase segregation. Such gas phase
segregation has been identified to cause “gas humping” or build-up pressure
abnormality %1% Among these factors, only the near wellbore damage or skin
is not considered in this study. This is because the physical processes being modeled
involve reservoir gas inflow into the wellbore, which are opposite in fluid flow
direction to drilling fluid invasion into the reservoir that could cause near wellbore
damage or skin.

There are two wellbore conditions that could promote wellbore storage. One
of the conditions is when shutting-in a wellbore on a partialy filled annulus
containing either only liquid or combination of liquid and gas, with the gas as the
dispersed phase. Such condition causes the entire fluid to rise upwardly until a

restriction such as a packer or wellhead is encountered. The rise in fluid level results

only due to the continuous fluid inflow from more pressured reservoir than the



wellbore pressure. This, then, causes pressure to build-up inside the wellbore, and the
imposition of backpressure on the reservoir. Under this scenario the wellbore storage
is represented as the change in the volume of the wellbore fluids per unit change in
the bottom hole pressure.

_ AV

C=
ARyh

.. 2.29

When a unit conversion is conducted on Eq. 2.29, an expression for estimating the

annular volume rise during wellbore storage is presented as follows:

_ P19
Vo =C ... 2.30
ann (14490]

Where p; isinlby/ft, C isthe wellbore storage coefficient of bbl/psi unit, g, isthe

force-mass conversion factor, and V., is the volumetric fluid rise in the annulus per
unit foot. The second wellbore condition is when the wellbore is completely filled
with a mixture of liquid and gas. Due to buoyancy effect on the gaseous phase, the
gas bubbles migrate upward. This phenomenon has been proposed to cause pressure
build-up abnormality that is seldom observed in practice. Dated back to 1958,
Stegemeier and Mathews'® pioneered the quantitative demonstration of pressure
build-up abnormality due to phase segregation resulting from the relative upward
migration of the gaseous phase. Such abnormality is generaly referred to as “gas
humping”. Humping of build-up pressure data is a situation whereby the bottom hole
pressure suddenly rises above the reservoir pressure at certain later shut-in time.
Shortly afterwards, the abnormal pressure rise falls back to the reservoir
pressure. A practical illustration of pressure build-up data affected by gas humping is

shown in Fig. 2.10 as the dotted curve. On the contrary, the solid curvein Fig. 2.10
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represents the pressure build-up profile with minimal wellbore storage for downhole
shut-in practices. This figure shows that when a well is shut-in at the surface on a
fluid system that contains a mixture of liquid and gaseous phases, wellbore storage is
definitely expected to relatively affect the early time pressure data before pressure
stabilization.

Although from a theoretical point of view, Pitzer et a'™ admitted that
pressure humps could be caused by gas-phase segregation, however, they concluded
that its influence is significantly reduced in wells completed without a packer. Such
wellbore condition is synonymous to the drilling operationa periods. During these
periods no packer isinstalled inside the wellbore. This could imply that the influence
of gaseous phase upward migration on the pressure build-up is negligible. From a
well in the Gulf of Mexico, Pitzer et a'® observed that the pressure humping
continuously reduces in magnitude as the gas-oil ratio increases. It was also stated
that such pressure buildup anomalous have been noticed in wells that had mechanical
problems such as leaking packers or tubing, which introduces uncertainties in
distinguishing the cause of pressure humping.

Considering the above discussions, this study assumes that the upward
migration of the gaseous phase could not be the sole phenomenon responsible for
pressure build-up when a well is shut-in on gas inflow or kick. Hence, the principles
of wellbore storage phenomenon, which is physically proven to exist when mixture of

93-96,99
ed,

liquid and gaseous phases is pressuriz isimplemented in Chapter 4 to predict

and analyze bottom-hole and surface casing pressurerise.
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2.6.1 Wellbore Storage Analyzes

For this study, it is assumed that the wellbore being drilled is completely
filled-up with drilling mud before gas inflow commences. Also, after gas inflow, the
wellbore is still filled up with both drilling mud and gas during shut-in, and none of
the gas is produced yet. By these assumptions, and considering the fluid

compressibility expression for slightly compressible fluid as follows:

AV,
cq =1 BVwb . 231
Vb AR
Equation 2.29 can be re-arranged to contain Eq. 2.31 asfollows:
C .1 AV%b_. .. 232

Vab  Vab AR
Equation 2.32 is the expression usually considered for wellbore storage coefficient
for acompletely filled wellbore, and it could be re-written as:*®

C=Vyper .. 2.33

and in dimensionless form as:

_ 5.6146C
Co=————
2z ¢ cihry

. 2.34

Equation 2.33 indicates that if two systems of the same constant volume, but
different initial quantities of gas in the same liquid type are compressed by an
external source at the same rate, the system with larger initial gas compress more.
Conseguently, the system with the larger initial gas volume would tolerate intake of
more fluid to fill up the system’s constant volume after such compression. With this

case scenario, the system with larger initia gas volume system is said to have higher

wellbore storage.



CHAPTER THREE

MODELING OF GASBUBBLY INFLOW AT THE
WELLBORE-SAND FACE CONTACT FOR
OPENED WELLBORE SCENARIOS

3.1 Introduction

The mgjor goals of any kick simulation are to predict the surface out-flow rate
of drilling fluid from the annulus; gain in the surface mud pit volume; and wellbore
pressure distribution. Due to the change from an initial single-phase flow of mud to a
two-phase flow system when a gas inflow occurs, analysis of gas inflow has become
very challenging and complex. In an attempt to solve this problem, severd
assumptions have been made to simplify the physical processes governing the
occurrence of gasinflow.

The most common assumption is that al of the gas enters the annulus during
drilling as a single bubble or slug flow.”” Gas inflow analysis by this assumption is
the simplest approach because the pressure-volume-temperature relationships for the
gaseous phase could be applied.>>"#®148 Another assumption is that the gas exists as
uniformly distributed bubbles in the annulus. This assumption is usually incorporated
into the fluid mass and momentum equations, which require velocity expressions and
volumetric fractional contents for each of the various fluid phases.”®*®° To satisfy
these requirements, empirical and semi-empirical velocity correlations derived for air-

S58,59,81,86,97

water flow and other viscous Newtonian liquid are used. Since this
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approach cannot predict the gas volume at the wellbore-sand face contact for every
formation interval drilled, an assumed volumetric fraction of the gaseous phase is
usually made. Generally, volumetric fractions of 20% to 25% are considered
depending on the assumed fluid flow pattern for the analysis. Unfortunately, it is
virtually impossible to know the fluid flow pattern existing inside the annulus during
drilling. Also, several bubble flow phenomena such as bubble coalescence, varied
bubble sizes at different parts of the annulus, and varied bubble velocity occur that
cannot be adequately accounted for. Therefore, assuming a particular flow pattern,
and volumetric fraction of the gas could result in erroneous analysis.

From Chapter 2, it was clear that there is need to know the gas volume at the
instant of inflow into the annulus. Such total gas volume would have the reservoir
pressure as the internal pressure of al the gas bubbles before undergoing expansion
due to the lower wellbore pressure when upward starts. Unfortunately, there is
presently no gas inflow analysis that could predict the gas volume at the instant of
inflow into the annulus. It is therefore the purpose of this chapter to present a
mathematical model that is capable of predicting gas bubble size profile at the instant
of gasinflow into the annulus. This model is applicable to any stage of the gas inflow
or kick occurrence as long as the necessary conditions of such stage are understood
and incorporated. Such applications are provided in Chapters 3, 4 and 5

As stated in Chapter 1, the study has been divided into three stages to
simulate the various periods of gas inflow starting from the inception of gas influx to
the kick control. Thefirst two stages are considered in this chapter. These are:

A. Stage 1 — Gas influx inception while drilling and circul ating
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B. Stage 2 — Flow-check (suspension of drilling and mud circulation)

3.2. Mode Hypotheses and Description

3.2.1. Model Hypotheses

The major hypotheses considered for the development of the mathematical
modelsin this study are as follows:
1. Flow phase

* Flow pattern in the system is turbulent inside the drill pipe, and drill collars.
No emphasis is made on the hydraulics since sophisticated hydraulic software
are already available for the industry.

* Single, incompressible, mud exists inside the drill string a al times, while
two-phase with compressible gas phase exists in the annular space during gas
kick.

2. Continuous phase

* Thedensity and rheological properties of the continuous fluid (drilling fluid or
mud) are constant both inside the drill string and in the annulus. Changes in
the annular phase properties are due to the presence of the formation gas.

* Bingham fluid rheological model was used for this study. However, the
simulation procedures can be adjusted for other rheological models as long as
the corresponding frictional pressure expressions for such fluid model are
utilized.

3. Hole Geometry

* Vertica holeis considered.
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4. Cuttings
* No effect of cuttings is considered, although, such effect could play some
noticeabl e influence on bubble coalescence in the annulus.
5. Bubble Shape
* All gas bubbles whether larger or smaller than the one-half (1/2) of the
annular diameter are represented by their equivalent spherical volume and size
(diameter).
6. Bit
» All resulting sizes of gas bubbles from the cutting action of the bit are
assumed to form a total gas bubble size as every inch of the formation is
drilled.
7. Other hypotheses

* |sothermal condition is assumed

3.2.2. Model Description

The physical processes, modeled, during stages 1 and 2 are described as
follows and illustrated in Fig. 3.1.

I.  During the drilling operations, achievement of turbulent fluid flow condition
is usually preferred at the bit-formation contact to aid the uplifting and
upward flowing of the cuttings being generated by the bit-cutting action.
When the resulting equivalent circulating density or mud circulating pressure
at the bottom hole is lower than the formation pressure, formation gas and/or

liquid enters the annular section of the wellbore. When a small height or
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interval of such gas formation is initialy penetrated, the inflow rate of the
formation gas is low. The low gas influx rate results in the formation of
smaller bubbles (Fig. 3.1A). As these bubbles are released from the bottom
hole, they flow upward to the surface at the combined mudflow rate and their
corresponding slip velocities.

As further bit penetration ensues, increased formation height or interval is
exposed. This causes increase in the gas inflow rate into the well bore,
thereby, producing much larger bubble sizes (Fig. 3.1B). The bubble sizes
increase as more formation interval isdrilled.

At the notification of significant gasinflow or kick by the surface equipment,
further drilling and mud circulation are suspended. A visua check for fluid
outflow rate from the annulus is conducted to ascertain the severity of the gas
inflow. During this period, referred to in this study as the “Flow-Check”
period, the wellbore would still be opened to the surface. If a significant gas
inflow into the annulus occurs, high rate of mud outflow from the annulus
would be noticed. At this time, the only pressure being exerted on the gas
formation or reservoir is the hydrostatic pressure of the mud column. A lower
hydrostatic pressure than the mud circulating or flowing pressure would
increase the rate of gas inflow into the annulus. Thus, resulting in the
development of larger gas bubbles during the flow check period (Fig. 3.1C).
However, during the flow-check stage, equal size of gas bubbleisintroduced
into the wellbore because further drilling of the formation that could cause

increasing gas inflow rate is suspended (Fig. 3.1D).
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IV.  After the confirmation of significant gas influx into the well bore, the well is
usually shut-in to estimate the formation pressure. The density or weight of
the mud is increased to the estimated formation pressure to subdue further

inflow of the gas into the wellbore.

3.3. Development of the Generalized M odel

As earlier mentioned, the maor modeling procedures are applicable to al of
the three stages. However, the practical wellbore conditions during each of the three
stages are different. Such different wellbore conditions result in different bottom hole

pressures for each stage.

3.3.1 Development of a Bubble

The development of a gas bubble during the static or dynamic conditions of a
wellbore involves the flow of gas from the gas reservoir or gas containing sediment
into a liquid-filled annulus. As presented by Davidson and Schuler®, one of the
factors that determines the size or volume of a bubble formed at a specific period is
the pressure differential between the gas source and the liquid-filled container. In
petroleum engineering, the gas source is the gas formation, while the liquid-filled
container is the annulus containing the drilling mud. The wellbore pressure could be
dynamic, as the case of flowing or circulating mud pressure at the bottom-hole, or
could be static.

These different pressures are trandated to their corresponding forces.

Therefore, depending on the drilled interval and its corresponding gas inflow rate into






the annulus, a force balance is conducted to estimate the volume or size of gas bubble
that enters the annulus during a specific time period. For any force balance to occur,
there must be some forces that support the development of the gas bubble. That is,
allowing the gas bubble to expand. Such forces are considered to act outwardly from
the reservoir face. Also, some forces that discourage or oppose the development of a
gas bubble must be present. These second set of forces are derivable from either the
dynamic or static impact of mud column on the gas bubble development, and the mud
viscous force. Thus, they are considered to act on the developing gas bubble. Figure
3.2 shows a schematic of bubble formation and the various forces responsible for its
development and expansion.

For this study, the major opposing force to the bubble development is the
corresponding bottom hole pressure force, Ry,, that results from drilling or non-
drilling operational conditions. This pressure comprises of: the pressure exerted on
the gas bubble by the jetting action of the flowing drilling fluid from the bit nozzles,
Pab » @nd, the pressure differential due to the surface tension. Both of these bottom
hole pressure components act on and around the developing gas bubble respectively.

While the gas bubble is developing, the pressure differentia due to the surface

tension surrounding a devel oping bubble of radius r, could be represented as follows:

20
P -P > .31
res ™ Wb " g aar,
Taking the total bottom hole pressure, Ry, to be:
20
=Py + .32
"o = P+
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Substituting Eq. 3.1 into Eq. 3.2, we have:

Pres — Pup >0 .33

Therefore, the excess pressure expressed by Eq. 3.3, which is greater than zero,
causes the continuous gas inflow into the developing bubble from the reservoir a a
particular gas inflow rate. When the gas inflow rate changes, which occurs when
another inch of the formation is drilled, another gas bubble is assumed to form after
the previous gas bubble is uplifted. That is, a particular gas inflow rate would
correspond to a gas bubble volume. Larger gas bubbles are formed as the gas inflow
rate increases.

Such pressure difference expressed in Eq. 3.3 is incorporated into the solved
diffusivity equation®™ for the gas flow rate. This equation and other related
expressions that are independent of the reservoir drainage radius and are derived in

appendix A for radial-cylindrical gasinflow into a partially penetrated wellbore.

kh(Pré’ -RZ )Bg \

%9~ 32176m, * T*pg*Zg) - 34
Where dg isthe gasinflow rate, expressed in Mcuft/hr.

Po =5 [Infto) +021 .35
and,

tp = 2.634x10”4Kt a6

PHyCqy rv%
Equations 3.4 and 3.5 are the approximate solutions to the diffusivity equation for gas

flow in radia direction inside gas reservoirs during transient period. These equations
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are approximations because the resulting diffusivity equation involving
pseudopressure terms transformation for the reservoir gas flow is non-linear, and thus
can only be solved numerically. In order to perform analytical processes for reservoir

gas flow, Al-Hussainy et a**

introduced this pseudopressure transformation, as
presented in appendix A. These authors™ performed numerical techniques on the
resulting gas flow diffusivity equation, and found that the dimensionless

pseudopressure term, y, can be approximated by the dimensionless pressure term,

Pp , for the slightly compressible fluid at the following conditions:

2
wpltp)= pp(tp) :%[IntD +0.80907], for 100 < tp s%[:—vevj ... D52
The transient flow period is included in the analysis because of the possible variations
in rate of penetration (ROP) that might be desired to drill through formations. This
rate of penetration would control the exposure time for a particular interval, and thus,
partly determines the volumetric inflow of the gas into the wellbore.

Another consideration in this study is the fact that partially penetrated
wellbores into massive reservoirs have been realized to better be modeled by hemi-
spherical inflow of the reservoir fluid into the wellbore.*>**"° However, the various
analyses available for hemispherical flow analysis require that the entire formation
interval be known before analysis. On the contrary, during drilling the exact
formation thickness or length is not known until the formation is completely drilled
through. Hence, the first approximation is to assume that radial flow exist all through

the drilled height for analysis, and perform simulation for reservoir heterogeneity.
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3.3.2 Analysis of Forceson a Developing Bubble

Figure 3.2 shows that there is presence of surface tension around a
developing or fully developed gas bubble within a liquid system. Therefore, with the
assumption of spherically developed bubbles, an opposing force due to liquid surface
tension is expressed as follows:

Fgr =7 dyo .. 3.7
Equation 3.7 incorporates the assumption of zero contact angle between the
contacting fluid phases, therefore cosine of the contact angle is equal to 1. By
assuming that the reservoir is composed of hydraulic tubes of different sizes that are

distributed non-uniformly, the hydraulic radius, ry , of such porous reservoir sand or

formation can be approximated as follows®”:

D
= #Dp ...38

D p isthe sand particle diameter. The hydraulic diameter, dy , isassumed to be:

dy =2ry .. 39
Tiab and Donaldson® published the average particle sizes or diameters for various
known earth sediments. From the grain size table presented by these authors®®, the
average sand particle of 0.25mm, for medium grained sand sediment, was chosen as
the average sand size for this study.

That is,
Dp =0.25mm=82x 10*ft ... 310

Combining Egs. 3.7 through 3.10, and expressing the parameters in field units, we

have:
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_82x10* 74
ST 3-g)

. 311
Another opposing force on the developing bubble is that due to the inertia of

the drilling fluid fraction surrounding the devel oping bubble. Owing to the continuous

expansion of this bubble, the surrounding fraction of the liquid or mud is subjected to

a downward movement. The resulting liquid movement is expressed in differential

form® asfollows:

3 :d(g/'bvb)t 3 1
w h e r e , M i S t h e % [
m a s s o] f' "og fa st hbrmeu absebgl ueri
t h e B u b b I e v o | u m e

M =V(pg +1—p|i 3 1

1

Vp [ S t h e v e | O C i t y 0
T h e t h [ r dd u ae n dt o | at sh te
a n d t h e e X p r e s s i o] n
r e s p e ¢ t I v e | y g | % e n

Fv =67 db Hpvhb 3 1
a n d :

Vp =—7zrb3 3 1
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The only supporting or upward force on the developing bubble is the
buoyancy force. The buoyancy force is dependent on the bubble volume and the
density difference between the drilling fluid and the gaseous phases that exist in the

annulus. The buoyancy expression is given as follows:*

FBF :Vb(PI —pg)g ... 317

3.3.3 Coupling of Model Forces

During the bubble development, the differential pressure between the bottom
hole pressure and that of the formation encourages the continuous growth of the
bubble, as expressed by Eq. 3.3. Such pressure differential, also, promotes inequality
between the total upward and total downward acting forces. It is assumed that at the
instant of equality between the total upward and the tota downward forces, the
bubble stops to develop or grow. Once the bubble stops growing, it is uplifted from
the bottom-hole towards the surface.

Then, equating Eq. 3.17 to the summation of Eqgs. 3.11, 3.12 and 3.15 results
in the coupled model to be evaluated for the bubble size or volume at a specific gas

inflow rate. Thus, we have:

d(M 8.2x10~%
Voot~ pg)o = (GI bvb) - 3(1_¢;r¢a

67 ALY ... 3.18

3.3.3.1 Expatiation on the Termsin the Coupled M odel

Thetermsin Eq. 3.18 that need further expatiation are the first and third terms

at the RHS. In Eq. 3.4 the gasinflow rate is assumed constant, at a particular exposed
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formation interval, while the gas is flowing into the forming or developing bubble.
Such constancy of flow rate could be considered reasonable because the entire flow
time of gas during drilling is comparably shorter than when the reservoir is actually
placed on production. Hence, any reservoir pressure drop and changes in the flow rate
over the period for gas inflow during drilling are considered insignificant in this
study. As the bubble grows or devel ops, the change in bubble volume is dependent on
the change in bubble radius, as expressed by Eq. 3.16. Also, the change in volume of
a particular bubble with respect to the change in time that is required for the gas to
flow into the bubble is equivalent to the gas inflow rate. Therefore, substituting Eq.

3.2into Eq. 3.4, and expressing the parametersin field units, we have:

20 2
2

kth Ples —{wa + Laar j
AV b

0T, 34176 * (T gt Zg) - 319

where,

dg  =gasinflow rate, cu ft/hr

The gas formation volume factor, in SCF/cu ft, is given as fol lows™:

By =0.02829 Zgres 320
res

Equation 3.20 assumes that the atmospheric pressure is 14.7 psia, surface temperature
of 60°F (520°R), and a compressibility factor of 1 at these standard conditions.

Defining a parameter as follows:
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Then,

dVy h |2 20
- — P2 _|P.. + ...322
dg _dtb m Po { res ( whb 144r, ﬂ

Differentiation of the first term at the RHS of Eq. 3.18 is expressed as:

d(Mvy,) v, AV

.. 3.23

dtb dtb b E
In Eq. 3.23, the differentia terms need to be solved for. Therefore, differentiating Eq.
3.13 with respect to time, and substituting Eq. 3.22 into the differentiated expression,

we have:

(o\Y I 7.48x%x11 dVy
d_ = |pg T I
th 16 dtp

" ) o 2 ..324
= +==x7.48p; g ——| Pa —| Py + ——
[Pg 16 L }71 PD{ res ( wh 144er ]

Application of Chain-rule of differentiation to the RHS term of Eq. 3.14 yields:

vy = MVb Ay ..3.25
d,  dv,

When Eqg. 3.16 is differentiated with respect to ry,, and taking the reciprocal of the

result, we have:

d, _ 1 ... 326

dVvj, iy rb2

Substituting Eqgs. 3.22 and 3.26 into Eq. 3.25 yields the rate at which the bubble
develops, which corresponds to the rate at which the radius of the bubble increases.

This resultsto:



_ h|_»o 20 1

That is,

vp, = function(ry,, t,) ...3.28
Therefore, when vy, is differentiated with respect to tp, the Chain-rule of
differentiation is applied, and Eq. 3.14 is substituted into the resulting expression
from the Chain rule application. , we have:

dvp _ dvp dny _ dvp ... 329

dtb - drb dtb b drb

Then, the growth rate of the bubble with respect to the change in the bubble radius is

evaluated by differentiating Eq. 3.27 with respect to r,,. Thisyields:

2
16 h 20 h|_»2 20
— — x| Py t+— |t - —| Pac—| Pyp + A
v {1“7710 PDE{ wh 111%]} 7 PD[ res { wb 1“er ] b

dry B 16772 I’b4

..3.30
Which becomes,
2 2 2 2
o o 2 o
h:s—| Py + — Iyl P —| Py +
i m 144{ wb 144er bl Fres { wb 144er
b _ Z ...331
drb 2 PD rb

When Egs. 3.27 and 3.31 are substituted into Eq. 3.29, Eq. 3.29 could be re-written

as
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572
r{Przas—(wa+ 20 J } .. 3.32

Thus, substituting Egs. 3.22, 3.24 and 3.32 into Eq. 3.23 solves for the
differential equation of thefirst term in the general solution, Eq. 3.18, while the
growth rate of the bubble radius that is required in the last term of the general solution

isgivenin Eq. 3.27.

3.4 TheGeneral Model

Having solved all the required terms of Eq. 3.18, the expressionsin Eqgs. 3.13,
3.24, 3.27, 3.32, and 3.23 were coupled together and substituted into Eq. 3.18 to
obtain a general model for the physical processes being modeled. The summarized

expression for the general model is given asfollows.

Vp\7.48p — -4
B( L) Pg)g:QB+TA2+8.2XlO o

+TA ... 333
32.174 3(1-¢)

All aong, the subscript, b, has been used to represent the developing stage of the
bubble. To distinguish the developing stage from the final volume of a bubble, the
general model in Eqg. 3.33 has this subscript replaced by an uppercase letter B.

Hence, Eq. 3.33 contains the final bubble volume, Vg, when the buoyancy force

balances the total of all the downward forces.

66



Since the final bubble volume, Vg, is embedded in various terms at both sides

of Eq. 3.33, a computer iterative program was developed for estimating the bubble
volume as every inch of the formation or gas containing sediment is penetrated by the
bit. This computer program is coded in Visual Basic 6.0 Language. The details of the
coding are presented in Appendix B2. The various parameters in the preceding

general model, Eq. 3.33 are defined as follows:

11* 7.48
27712h2(,0g + 16 plj
Q= S . 334
9P3Vp
11* 7.48
nfhz(pg Y e p|j
w = ..335
(367)3v2 3PS
3771,Uph”1/3
- 1/3,1/3 3.36
4 7 9.8P9(6)" °Vi
Kk
771= " % 3.37
3 4 1" TiPlgZ,
Z.T]
By=00282" scCF .. 3.38
Pr es
A:(F}Ze—SYZ) . 3.39
A s o
Y=P 4+ *x_ - 3 .4 O
WP ( 3 j 7 i3
o 3 1/3
B="-A Y—(—j vii3a2 . 3.41
72 A

67



All of the variables used in this modeling procedure have been converted to field

units.

3.5 Application of the General Model to the Physcal
Processes

As earlier mentioned, the application of the general model to the first two
stages of the entire physical processes under consideration will be presented in this
section of the study. Also, it had been stated that the mgjor difference between these
stages is the different bottom hole pressures due to the different operational

conditions existing during each stage. Conseguently, the bottom hole pressure, Ry,

needs to be evaluated for each of the first two stages.

351 Stage 1 — Inception of Gas Inflow While Drilling and
Circulating Drilling Fluid.

The operational condition under this stage involves the bit penetration into the
gas formation and circulation of the drilling fluid until the gas inflow into the annulus
is significant, and detected at the surface. Existence of such a drilling condition is a
must; otherwise, there would not be any need to analyze any gas inflow.

Following the concept of energy balance of fluid flow from the surface to the
bottom-hole through the drillstring, as presented by Bourgoyne et al®!, and taking the
frictional pressure drops in the drill string into consideration, the following expression
was derived as the imposing pressure by the circulating drilling fluid through the jets

of the hit.
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42 8.311x10° p g
Pub1 = 0.052 Dy + APyump — (AR ) ¢ —8.074x10™ v e py —
pump f CZAtZ
d

..342
where,

(AR); = (AP + APgp) ¢ -Total frictional pressure drop inside the drill string, psi

For the flow of a Bingham plastic fluid inside a cylindrical geometry of specific
length, L, the following expression is used for the turbulent frictional pressure drop:™

plo.75 (;)1-75 ’ug.25|_

1800d1-%°

The average velocity of flow through acylindrical geometry is also given as.

G .. 344
2.448d2

Vv =

and, the cross-sectional area across the three nozzles of a tri-cone roller bit is given

as.
T
A== (42, + 2, + i) 345
4(32)
where,
APy, =total frictional pressure drop in the drill Collars, psi
APRyp =total frictional pressure drop in the drill pipes, ps
Dph = Lgc * Ldp - True Vertical Depth (TVD), ft
Thus, the bottom hole pressure for stage 1 is given as:
20
Foh = Pab1 144r,
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Substituting Eq. 3.46 into the genera model, Eq. 3.33, results in the following

expressions for stage 1:
— 2
Al—(Przes_Yl) .. 347
4, L3
Y1 = Rubt +(—j 3 ...3.48
3 N5
o 33 1/3 5 2
B =—AY, —| — V ... 3.49
1= 25 A (47;) Bl A1

Equations 3.47 through 3.49 are substituted into the RHS terms of the general model,
and the developed computer program is used to perform iterations for the
determination of each of the various gas bubble sizes and volumes during drilling and

circulation of the drilling fluid.

3.5.2 Stage 2 - Suspension of Drilling and Mud Circulation

When the gas inflow or gas kick is detected through a surface kick detection
equipment, a visua check for the out-flow rate of the drilling fluid from the annulus
is usually conducted. The effectiveness of such check for the annular out-flow rate is
achieved by the suspension of both drilling and circulation of drilling fluid. With no
circulation of the drilling fluid, any notable annular out-flow signifies a significant
inflow of the reservoir fluid into the wellbore. Such high annular outflow rate is an
indication that a formation with higher formation pressure than the designed drilling

fluid bottom hole circulating and hydrostatic pressure is encountered.
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At this stage 2, the drilling fluid is static and the well is still opened to the
surface, therefore, the hydrostatic pressure of the drilling fluid at the bottom hole is
the only fluid pressure available to act against the gas formation pressure. The
hydrostatic pressure of aliquid column at adepth, Dyy,, is generally expressed as*t

Pub2 = 0.052p, Dy, ... 350
InEq. 3.50, P2 isinps, o isinlbm/gal and Dy, isin ft.

Thus, when Eq. 3.50 is substituted into the developed general model, Egs.

3.39 through 3.41, similar expressions as obtained for the stage 1, but with differently

defined parameters are obtained as follows:

_ 2
Ag—(Przes—Yg ) ... 351
1/3
Y2 = Pub2 +(4—”j 3 .. 352
3 T35
o) 33 1/3 5 2
B, =— AY, —| | wvil3a ... 353
2777272 [47[) B2 72

Likewise, as stated under the solutions for the operational stage 1, the determined
bubble sizes or volume at this stage are different from those at other stages. Since no
drilling activity takes place during the flow check period, the same interval of the gas
formation is exposed for the duration of the flow check. Hence, the gas inflow rateis
constant, and could be higher than that at the end of stage 1 if the bottom-hole
circulating pressure of the drilling fluid is lower than its hydrostatic pressure.

For consistency, the duration for the development of each gas bubble during

stage 2 is taken as the time it requires to drill an inch interval of the gas formation.
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Thus, with higher gas inflow rate for this stage, larger constant gas bubble is formed

during each timeinterval.

3.6 Model Simulation, Results and Discussions

A base case data for the modeling was compiled from the literature™ %%,

and published textbooks®®. Furthermore, the surface pump ratings were extracted
from atext book>. However, the frictional pressure loss in the surface equipment was
neglected. Table 3.1 displays the data used for this simulation.

Since the developed model requires estimation of the drilling fluid surface
tension, which is usually not available in the literature, a smple capillary experiment
using a capillary-like straw was conducted. Drilling fluid samples of various
viscosities and components were prepared in the laboratory for the experiment. The
intention was to obtain as many surface tension data as possible. There were
difficultiesin estimating the contact angles for low viscous water-based bentonite and
polymer-based drilling fluids. However, experimental results for some other viscous
drilling fluids were considered reasonable after comparing with the literature data®.
Table 3.2 shows the comparison and the selected surface tension (in bold) for the

analyses.

3.6.1 Error Analysisof the Modeling

Due to the potential significant error that could result from any simulation
procedure, an error analysis procedure was designed and incorporated in the

modeling. The goal of the error analysis was to achieve the lowest possible absolute
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Table 3.1 - Compiled base case data for modeling

Bottom Hole Assembly:

Riser size = 19 in. ID
Casing Size = 11 in. ID
Drill pipe Size = 5 in. OD
Drill pipe Size = 441 in.ID

Drill Collars = 8 in. OD
Drill Collars = 281 in.ID

Bit diameter = 9.875 ins.

Bit nozzle sizes = 12 /32inx3
Total area of the three nozzles = 0.33147 in?

Bit nozzles' discharge Coefficient, Cd = 0.95 constant
Choke Line = 3 in. ID
Maximum Surface Pump Horse power = 1000 hp
Drilling Fluid and Formation Properties:

Mud Flow Rate = 400 gpm
Surface Pump discharge pressure = 1620 psi
Drilling Fluid density = 84 ppy = 61.4 Ib/ft®
Mud Plastic viscosity = 24 cp

Mud Yield Point = 18 Ibf/100ft*
Average velocity in drill pipe (DP) = 8.4 ft/sec
Average velocity in drill collars (DC) = 20.7  ft/sec
IAverage velocity through Nozzles = 387.1 ft/sec
Mud apparent viscosity for DP = 87 cp

Mud apparent viscosity for DC = 40 cp

Mud apparent viscosity for Bit Nozzles = 24 cp

Mud Surface tension, o = 1.30E-02 Iby/ft

Mud flowing Reynolds Number = 3323 Inside DP
Mud flowing Reynolds Number = 11254 Inside DC
Mud flowing Reynolds Number 139439 Nozzles' exit
Friction Pressure loss in Drill pipe = 376  psi
Friction Pressure loss in Drill collars = 151  psi
Flowing BHP (FBHP) = 4332 psi
Formation Pressure = 4600 psi
Formation Permeability = 300 md
Formation Porosity = 0.3 fraction
Mud Hydrostatic Pressure = 4368  psi
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Table 3.1 - Compiled Base Case Data for M odeling (contd.)

[Temperature:
Surface 70 °F = 530 °R
Bottom hole 180 °F = 640 °R

Hole Geometry - VERTICAL HOLE:

Riser Length

1000 ft from surface

Last Casing Shoe Depth

4000 ft from the mud line

Open-Hole section

5000 ft from last Casing Shoe

Drill Collars' Length 450 ft
[Time Required to drill h-ft of formation 0.033 hr
Open-hole radius, r,, 4.938 ins. = 0.411 ft
Penetration Rate 30 ft/hr
Formation Fluid - GAS - properties:

Viscosity of gas at 1 ATM 0.01244 cp
Viscosity ratio 1.85

Gas Viscosity, |, at 4600 psia & 180°F 0.023014 cp
Gas gravity, S.Gq 0.6

Gas Constant, R 10.7

Gas pseudo-critical pressure 671 psia
Gas pseudo-critical temp. 358 °R
Gas pseudo-reduced pressure 6.85544

Gas pseudo-reduced temperature 1.787709

Gas Compressibility factor, z at 4600 psia 0.975

Gas Density, pq 11.98778 Ib/ft®
dZ/dP slope at 4600 psia 7.27E-05 psi™

Gas compressibility, Cg

0.000143 psi™

Gas Formation Volume Factor, Bg

0.003838 ft*/SCF

Gas Formation Volume Factor, Bg

0.000684 bbl/SCF
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error for each of the iterative step. Achieving such lowest absolute iteration error
determines the apparent gas bubble volume or size that satisfies the expressions at
both sides of Eq. 3.33 for each iterative step. This error analysis was designed for

cumulative inches of each drilled formation interval.

Table 3.2 - Comparison of experimental and literature data for the surface

tension
Literature Data® Capillary Test
Density, Ib,/gal 8.33 104 8.4 8.4
Viscosity, cp 60 600 70 24
Surface Tension, Ibi/ft | 2.40E-03 | 4.93E-03 | 3.51E-03 | 0.0013

Figures 3.3 and 3.4 show two example plots of error analysis obtained for the
bubble volumes after drilling the first ¥ - and one-half foot (¥ -ft) of the formation.
These are semi-logarithmic plots of the absolute error from successive steps of
iteration for each accumulated inches of the drilled intervals. The iterative steps by
the computer program are designed in such away that as long as the absolute error in
the next step is lower than that of the preceding step, the iterative procedures
continue. The apparent bubble size is recorded for a particular formation interval
when the absol ute error becomes minimal.

The iteration end-points or lowest absolute errors obtained for all the instances
simulated were to the order of 10 in order to optimize the run-time for the computer
program. Absolute error as low as to the order of 10 could be obtained after very

long computer run-time. However, the improvements in the iterated bubble volumes
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Fig. 3.3 — Example of error analysis plot for bubble volume prediction at formation
interval, h =3 inches
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Fig. 3.4 — Example of error analysis plot for bubble volume prediction at formation
interval, h = 6 inches
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are extremely low, which do not justify the enormous run-time used by the computer

program.

3.6.2 Apparent Bubble Size Profile at Instant of Gas | nflow

As explained in Chapter 2, the estimates of bubble sizes provided in this study
are referred to as apparent bubble sizes because of the complexity in determining the
sizes of series of gas bubbles that enter the annulus after drilling aformation interval.
These series of gas bubbles are generated as a result of the turbulent action of the
circulating drilling fluid. Instead, for a particular drilled gas formation interval, al
these various sizes of bubbles are lumped together to form a single spherical bubble
of an apparent size equaling the summation of al the sizes of these series of bubbles.
All of the bubble size analyses are conducted at the wellbore-sand face contact.

Figures 3.5 and 3.6 show that with continuous drilling, the apparent gas
bubble sizes, being released into the annulus, increases polynomially. The drop in the
apparent bubble size at the end of the polynomia trend in Fig. 3.5 is due to the
change from the drilling operational stage to the flow-check stage, which is
characterized by the higher mud hydrostatic pressure during the flow check period
than the bottom-hole mud circulating pressure during the actual drilling periods. For
comparison sake, the ssimulation results for higher bottom-hole circulating pressure
than the mud hydrostatic pressure are presented in Chapter 4. Figure 3.7 shows the
cumulative mud pit volume gain, which is equivalent to the total volume of all the gas
bubbles that entered the annulus during the drilling and flow check periods (stages 1

and 2).
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Bubble size profile at instant of inflow
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Fig. 3.5 — Apparent bubble size distributions for the base case data during drilling and
flow-check periods
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Fig. 3.6 — Annular cumulative gas volume during drilling and flow-check periods
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Bubble size profile at instant of inflow
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Fig. 3.7 — Rate of mud gain at the surface mud pit during drilling and flow-check
periods
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3.6.3 Effect of Porosity

The effects of porosity were investigated by considering two porosity values
of 0.05 and 0.5. Figure 3.8 presents the apparent bubble size profile for these two
porosity values. Similar trend of polynomia increase in the bubble size is observed
for both porosity values as the gas formation interval increases. At each gas formation
interval, the cumulative plot for al the apparent bubble volumes that had entered the
annulus is presented in Fig. 3.9 for each porosity value. Due to the large-scale
interval on the cumulative bubble volume axis, little effect of the porosity could be
seen. However, when the plot scale interval is reduced for the later sections of these
plots, as shown in Fig. 3.10, obvious differencesin the plots could be seen for the two
gas formation permeability cases. With all other reservoir and wellbore properties
held constant, Fig. 3.10 shows that the quantitative production, at the sand face, from
a less porous reservoir is greater than that from a more porous reservoir. Also, the
magnitudes of the differences in the volumetric production increase with increase in
the permeability. These results are based on the same period of production, and the
same pressure differential between the wellbore and the reservoir pressures.

A possible explanation for these analytical results could be due to the
difference in the matrix volume or quantity in the two porous gas formations with
different porosity values. For gas formations of equal gross thickness, higher porosity
gas formations, undoubtedly, have more matrix fractional volume than lower porosity
gas formations. Hence, for a gas formation without any externa pressure
replenishment, such a strong water aquifer, any pressure relief would cause the larger

matrix of the less porous formation to undergo more displacement or re-arrangement.
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Apparent Bubble Size Profile -- Effect of Porosity -
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Fig. 3.8 — Effect of porosity on the apparent bubble size profile for stages 1 and 2
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Fig. 3.9 — Effect of porosity on the cumulative inflow gas volume during
stages 1 and 2
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Fig. 3.10 — Magnified porosity effect on the cumulative inflow gas volume at greater
drilled interval for stage 1
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Thisis necessary to compensate for the decline in the magnitude of the reservoir fluid
pressure. Such re-arrangement would cause pore space compression by the matrix,
and thus, reduction in pore volume would result. Therefore, the greater the pore space
compression, the greater the reservoir fluids expulsion from the reservoir. By these
simulation results, a gas formation with significant variation in the in-situ porosity
values may experience severe in-situ pore space reduction at its local sections with
lower porosity values. This effect could also trigger increasing permeability
impairment, and hence, limit the ultimate recovery from such gas formation.

To support these simulation results, Newman'”® conducted series of
experiments on consolidated, friable, limestone and unconsolidated reservoir rocks to
study the impact of initial porosity on the pore-volume compressibility. A total of 256
samples of sandstone and limestone from 40 reservoirs were used for the experiment.
Figure 3.11 shows the experimenta results for the consolidated reservoir rocks. The
class averages of these rock properties for the rock types are reproduced in Fig. 3.12.
These experimental results show that the fractiona reduction in pore volume
increases with decreasing initial porosity as fluids are produced. This, thus,
experimentally agrees with the presented analytical results by the present theoretical

study.

3.6.4 Effect of Formation Radial Permeability

The physical meaning of formation permeability is the ease at which fluids
flow through a porous medium. Therefore, for a higher permeability medium, a

higher rate of fluid flow through the porous medium is expected. So, it is not
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Fig. 3.12 — Class averages of the rock properties for the various rock types
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surprising that increase in apparent bubble sizes at the wellbore-sand face contact,
and increase in the surface mud pit volume are predicted as the reservoir permeability
increasesin Figs. 3.13 through 3.15.

A closer look at Fig. 3.13 indicates that there is a comparison between the
apparent bubble sizes during the flow-check stage (stage 2) for al the permeability
values considered. For all of these permeability values, smaller bubble size occurs
during the flow- check stage due to a higher bottom hole pressure — mud hydrostatic
pressure — than the bottom-hole circulating pressure when drilling and circulating the
mud (stage 1). Interestingly, the magnitude of the decrease in gas bubble size is
directly proportional to the magnitude of the permeability. That is, higher
permeability resulted in higher drop in apparent bubble size during the flow-check
stage.

A possible explanation for such analytical observation could be due to the fact
that for higher permeability formation, the greater pressure impulse of the hydrostatic
pressure travels faster into the gas formation to aleviate the rate of gas inflow. For
the considered permeability cases of 50-md, 300-md and 400-md permeability the
resulting drop in the apparent bubble sizes are 1.09-inches, 2.24-inches and 2.52-
inches respectively. An agreement to these results is provided in Chapter 4 during

wellbore pressure rises or buildup while shutting-in on the gas inflow.

3.6.5 Effect of Permeability Heter ogeneity

The effect of directional variation of permeability in the vertica and radial

directions on the apparent gas bubble sizes is introduced into the modeling by
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Fig. 3.13 — Effect of permeability on bubble size profile for stages 1 and 2

90



Cumulative Gas Volume, Cuft

Cumulative Inflow Gas Volume - Effect of Permeability

1200 I\ [stage 2

1000 -

800

600 -

400

200 -

....

0 1 2 3 4 5 6

Drilled Formation Interval, ft

Fig. 3.14 — Effect of permeability on cumulative inflow gas volume during
stages 1 and 2
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Rate of Mud Pit Gain - Effect of Permeability
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Fig. 3.15 — Effect of permeability on the rate of increase in the surface mud pit
volume during stages 1 and 2
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considering five permeability anisotropic ratios of 1.0, 1.5, 2.0, 4.0, 8.0. The
anisotropic ratio is represented in this study as the effective permeability for a

heterogeneous porous medium, and is given as. > %

Kr

— .. 354
Ky

Keff=

Where, Kg¢ represents the effective permeability of the gas formation, k, and k,

are the radial and vertical permeabilities respectively. This effective permeability is
used to replace the average permeability term Kk in the gas bubbly model in equation
3.33.

Figure 3.16 shows the simulation results for the five anisotropic ratios. The
figure indicates that there is increase in the apparent bubble sizes as the formation

interval increases for all the anisotropy ratios. However, for Kgs < 2.0, which

signify higher vertical flow, there is instability in the apparent gas bubble sizes that
inflow into the wellbore at lower gas formation intervals. This probably indicates that
the gas flow in the vertical direction affects the radial gas flow into the wellbore at
drilled formation interval less than 1-ft. However, as the effective permeability
increases for any drilled formation interval, which indicates lesser influences of
vertical flow, the instability in the apparent gas bubble subsides. These results
buttress the suggestion of using a hemispherical flow model to analyze the apparent

bubble sizes for small drilled intervals of high vertical permeability gas sands.

3.6.6 Effect of Drag Forceson Apparent Bubble Sizes

During the bubble development, it is assumed that the instantaneous growth
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Fig. 3.16 — Effect of permeability anisotropy on apparent bubble size
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of the bubble is as a result of laminar flow of gas into an enclosure that eventually
form a bubble. The bubble growth is opposed by the viscosity of the drilling fluid
surrounding the growing bubble, hence, a viscous drag or force due to the drilling
fluid viscosity must be overcome for gas bubble to continue growing.

There are two basic types of viscous forces. These are the pressure or form
drag and the friction drag. The derivations of these forces are given in appendix A.
The form and the friction viscous forces are respectively given as**

Fp = 3muuD =6xuur ... 3.55

Fp =127zuuD =24nuvr ... 3.56
Equation 3.55 which is generaly referred to as the Stoke's law had been considered
for modeling in this study rather than the friction viscous force since there is an
opposing pressure to the bubble growth which acts on the maximum cross sectional
area of the growing bubble perpendicularly. Instead of the used form viscous force,
the friction viscous force was used in the model to ascertain its effect on the apparent
bubble size. Figure 3.17 shows no difference in the use of either of these viscous
forces. Thisis not surprising because the forces introduced in this study only control

the rate of growth of the gas bubbles, they do not control the size of the gas bubble.

3.6.7 Mud Plastic Viscosity

In order to investigate the influence of mud viscosity on the apparent gas
bubble size profile, three mud plastic viscosity values were chosen. These values (15,
24-, and 33-cp plastic viscosities) are within the range of practicd mud plastic

viscosity. Figure 3.18 shows the apparent gas bubble size profile for these mud
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Fig. 3.17 — Effect of viscous forces on apparent bubble sizes
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Fig. 3.18 — Effect of mud plastic viscosity on bubble size profile
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plastic viscosity values. Little to no increases in the apparent sizes of the gas bubbles
are observed with increasing mud plastic viscosities for increasing formation
intervals. This is because the stabilizing effect of a viscous fluid on the size of gas
bubble that could be allowed to form is not pronounced within the chosen viscosity
range. However, for highly viscous fluids, with the viscosity values in hundreds,
notable increases in the bubble sizes with increasing fluid viscosities have been
experimentally presented by Johnson and White®, Otake et a'®, and Satyanarayan et
ad®. Table 3.3 presents dlight increases in the apparent gas bubble sizes as the
viscosity increases, which theoretically agree with such literature experimenta

results.

Table 3.3 —Viscous stabilizing effect on the apparent bubble sizes

Drilled Form. Bubble Bubble Size [Drill Time [Cum. Gas Cum Gas Cum Pit
Interval, h, ft [Vol., cuft |(dia.), ins t, minutes Volume, cuft Volume, SCF |gain, bbl
Mud Plastic Viscosity = 15cp
0 0.00 0.00 0 0 0 0
1 3.12 21.74 2 18.6 4838.9 3.3
2 7.16 28.69 4 81.7 21280.5 14.5
3 11.64 33.74 6 196.3 51155.1 35.0
4 16.44 37.85 8 366.9 95605.6 65.4
5 21.48 41.39 10 596.7 155494.3 106.3
Mud Plastic Viscosity = 33cp
0 0.00 0.00 0 0 0 0
1 3.14 21.79 2 18.7 4870.2 3.3
2 7.20 28.75 4 82.2 21418.0 14.6
3 11.71 33.81 6 197.6 51486.1 35.2
4 16.54 37.94 8 369.3 96223.7 65.8
5 21.62 41.48 10 600.6 156499.1 107.0
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3.6.8 Effect of Rate of Penetration

The effect of the changes in rate of penetration, ROP, from 30 ft/hr to 50 ft/hr
on the apparent gas bubble sizes is not apparent as shown in Fig. 3.19. This is
because irrespective of the rate of drilling a certain formation interval, the same rate
of gas inflow is obtained due to the equally drilled formation interval. However, the
required drill time for the same formation interval decreases with increase in the
ROP. Figure 3.20 indicates that a 50-ft/hr ROP drills a formation interval of 5-ft
faster than 30-ft/hr ROP. This causes the inflow of larger gas bubble sizes for the 50-
ft/hr ROP than those for the 30-ft/hr ROP as the drill time increases. Hence, the same
maximum mud pit gain is achieved faster with 50-ft/hr ROP than with 30-ft/hr ROP,

asshownin Fig. 3.21.

3.7 Summary

In summary, theoretically and experimentally proven forces that control the
formation of bubbles have been employed to adequately establish the various gas
bubble size profiles that possibly inflow into the annulus when underbalanced
condition exists at the bottom-hole of a wellbore. Two stages of gas inflow have been
anayzed. These stages are the stage 1 — when simultaneous drilling and mud
circulating are embarked upon, and stage 2 — when drilling and mud circulation are
suspended to check for mud outflow from the annulus. From the previously presented
analyses of the ssimulation results, the following are new findings:

During the opened wellbore stages (stages 1 and 2), increase in permeability of gas

formations causes increase in the apparent bubble sizes/volumes under the
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Fig. 3.19 — Effect of ROP on the apparent gas bubble sizes
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same conditions of drilling, and of the same other reservoir properties. Consequently,
thereisincrease in the rate at which the surface mud pit rises during these stages.

Also, increase in permeability has been shown to promote traces of higher rate
of backpressure transmission from the wellbore into the gas formation when the
wellbore or bottom hole pressure becomes greater than its previous magnitude.
Therefore, under this condition, increase in permeability would indicate increasing
reduction in the gas inflow rate. More discussions on this finding will be provided in
Chapter 4.

Introduction of permeability anisotropy into the modeling procedures has
shown that gas inflow into a wellbore of < 1-ft partial penetration under the
conditions stipulated for analysis in this study is hemispherical rather than the usual
radial flow assumption by some authors of gas kick analysis.

Porosity effect on gas production is not apparent at smaller drilled formation
interval range. However, at greater formation interval, cumulative gas production
showed that gas formation with lower porosity would produce more cumulative gas
volume than formation with higher porosity due to the greater pore space
compression by the greater matrix volume in lower porosity gas formation. Also, with
increasing gas formation permeability, there is increasing cumulative gas production
from a low porosity gas formation than for a higher porosity gas formation.
Agreement with these simulation results, and series of published experimental results
on the influence of pore volume compressibility on the initial porosity of various rock
types was provided. Therefore, for a gas formation with significant variation in itsin-

situ local porosities, variations in the porosity damages could result. This effect could
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also trigger increasing permeability impairment, and hence, limit the ultimate
recovery from such gas formation.

Furthermore, it was theoretically confirmed that the viscosity stabilizing effect
would cause larger apparent gas bubble size in highly viscous fluid than in less
viscous fluid. However, due to the lower range of practical viscosity values used in
drilling operations, insignificant differences in the bubble sizes were obtained for

such small viscosity range.
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CHAPTER FOUR

MODELING OF WELLBORE STORAGE
EFFECTS ON ANNULAR PRESSURE ANALY SIS
OF A GASKICK WELL

4.1 Introduction

As mentioned in the preceding chapters, the concluding stage of evaluating
gas inflow, before any control procedure is embarked upon, is the shut-in of the
wellbore. Shutting-in a wellbore on a gas kick provides an opportunity to evaluate the
pressure of the formation penetrated. However, in practice, the most valuable shut-in
information that determines the success of any gas kick control are the surface
instantaneous shut-in drill pipe and shut-in casing or annular pressures.

To adequately prevent further gas inflow, on-site analysis of these surface
pressure rises is crucia in estimating the additional mud weight needed for control.
All of the currently existing models for such analysis are based on gas bubble velocity
approach. Gas velocity is primary in estimating the upward distance traveled by the
gas bubbles. However, to satisfactorily approach the wellbore pressure build-up
through gas velocity concept, an excellent knowledge of the contributions from al the
existing gas bubbles or distribution patterns must be ascertained. It is aso necessary
to know the status (such as their depths, and volumes attained) of every gas bubbles at
the closure of the wellbore for pressure build-up. All of these, coupled with the

negligible influence that bubble migration has on the pressure build-up, point to the

105



fact that it is practically inappropriate to consider gas bubble velocity as the sole
parameter responsible for any pressure build-up.

Regrettably, al of the currently existing studies™ 728492

on the pressure
build-up during shut-in of a gas kick have undoubtedly analyzed wellbore pressure
buildup as a consequence of gas bubble velocity or upward migration. Definitely, it is
agreed that upward gas migration does exist during shut-in due to buoyancy effect.
However, it could not single-handedly be responsible for the pressure build-up in a
gas containing system, where gas compressibility could play a significant, if not
dominant, role. Moreover, the gas velocity expressions used in the current gas kick
analyses are usually based on one or more of the many correlations for air bubble

velocity in water. From Stokes’ theories, ™

it iscrystal clear that the performances of
differently sized gas bubbles in air/water systems are different from those existing in
viscous fluids such as drilling fluid.

Due to the established influence of wellbore storage effect on the pressure rise
as explained in Chapter 2, the primary objective of the present chapter is to

implement the wellbore storage concept to analyzing pressure rise in the wellbore and

at the surface when the well is shut-in.

4.2 Model Hypotheses and Description

4.2.1 Mode Hypotheses

For the wellbore pressure buildup modeling, the following hypotheses have
been adopted. Some of the following hypotheses are repetitions of those presented in

Chapter 3.
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1. Hole Geometry

Vertica holeis considered, with the drill bit on bottom of hole.

2. Status of Fluid Phases

The continuous phase, drilling mud, is static, while the dispersed phase, gasis
allowed to migrate upward with no further expansion after well complete
closure.

Before shutting-in the well, the bubbles at the upper sections would have
expanded, and, thus, would be more susceptible to compression. Such
compression would cause reduction in the volume of these bubbles
immediately at shut-in, and during the shut-in period. Conversely, bubbles at
the vicinity of the bottom-hole would expand due to lower wellbore pressure
than the reservoir pressure. However, at any shut-in time, all deformable
bubbles would have same volume since they are all under the same imposed
pressure from the reservoir.

As a consequence of the above hypothesis, at and during shut-in, the densities
of al the deformable gas bubbles are equal and subjected to equal
instantaneous wellbore or bottom-hole pressure.

The gas phase is considered highly compressible, and controls the rate at
which the entire annular fluid system is compressed.

The drilling mud is assumed incompressible.

3. Cuttings

The effect of the weight of cuttings on the bottom-hole pressure is neglected.
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e At and during shut-in, the bit nozzles are assumed unplugged by the drill
cuttings.
4. Bubble Shape
* There are non-deformable discrete bubbles separating the larger bubbles. The
separating discrete bubbles disallow the coal escence of the larger bubbles.
* A larger bubble takes the shape of a bent hot dog around the drill pipe
5. Other Hypotheses
» Isothermal condition is considered inside the annulus
» Shutting-in of the well is considered to take some finite time, and the time
taken is assumed to be known

» Engineers method of kick control is used

4.2.2. Model Description

Figures 4.1A to 4.1D schematically illustrate the description of the model
during pressure build-up in the annulus after awell kick. For better understanding of
the modeling procedure, three instantaneous periods of pressure build-up analysis are
considered. Theinitial period iswhen the annular drilling fluid is contaminated by the
gas inflow from the gas reservoir. The second period is viewed as instantaneous
isolation of the pressurized annulus from the influences of reservoir forces. This
period allows the deeper (recently released) gas bubbles into the wellbore to expand,
and the already expanded shallower bubbles to contract their volumes. The final and
third period involves the remova of the instantaneous isolation so that the annular

fluid system can be pressurized by the reservoir again. Since the gas bubbles in the
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annular fluid system are capable of further compression, this final period allows

additional inflow of gas bubbles into the annulus. However, there is continuous

decrease in subsequent gas bubbles released into the annulus at later periods. These

periods continue in cyclic form until the gas bubbles in the annulus cannot be

compressed anymore. The following are the detail ed descriptions of these processes.

1.

Before shut-in, the bubble sizes are as shown in Fig. 4.1A. That is, the
shallower bubbles would have migrated upward and undergone expansion
than the deeper bubbles. At shut-in, the time required to completely close the
well must be noted. With the assumption of an instantaneous isolation of the
wellbore from the gas formation immediately after shut-in, the highest
pressure at the bottom hole would be the hydrostatic pressure of the drilling
mud inside the drill pipe since the annulus contains the gas phase. Therefore,
immediately at shut-in, the surface casing pressure and the annular fluid
would respond to the annular pressurization by the hydrostatic pressure of
drilling mud in the drill pipe as shown in Fig. 4.1B.

When the instantaneous isolation is relaxed, the gas formation would
pressurize the fluids in the drill pipe and in the annulus. But because it is
assumed that there is no gas inflow into the drill pipe, there would be no
gaseous phase compression inside the drill pipe. Therefore, the surface drill
pipe pressure would rise rapidly because of faster pressure transmission
through much denser drilling fluid to balance the gas formation pressure at
that side of the system. On the other hand, the surface casing pressure would

rise slowly because the annular pressurization by the gas formation is slowed
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4.3.

down by presence of compressible gaseous phase. Such gas phase
compression reduces the initia total annular volume occupied by the gas.
Therefore, the pressurization by the formation would introduce an equivalent
volume of gas bubble into the annulus to retain the initial annular volume of
the gaseous phase at all times. By this action, the annular gas phase volumeis
kept constant with increased mass of the gaseous phase. This causes the gas
density to correspondingly increase with time. Completion of these periods
processes is shown in Fig. 4.1B.

Further reservoir pressurization on the annular fluid system causes continuous
cyclic repetition of the three periods. These processes continue until the
surface casing and the bottom hole or wellbore pressures stabilized, which is
an indication that the bottom-hole pressure now equalizes the gas reservoir
pressure. At this time, al of the gas bubbles would have been compressed to
the same dengity as at the instant inflow of each gas bubble into the wellbore.
Afterwards, no further pressurization or annular gas compression by the gas
formation is alowed by the wellbore. Two cyclic repetitions of these
processes, before pressure stabilization, are schematically presented in Figs.
4.1C and 4.1D. It should be noted that the stabilized surface pressures are

sometimes referred to as instantaneous drill pipe and casing pressures.

M odel Development

This section discusses the development of the modeling steps of pressure

variation in the wellbore of a gas kick well using the wellbore storage concept. Since
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Fig. 4.1 — Schematic illustrations of modeled physical processes: (A) during flow-
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the annulus comprises mostly of incompressible drilling mud and some gaseous phase
(highly compressible), the annular fluid system is considered to be dightly
compressible. That is, not as compressible as when the entire annulus is filled with
gas. For dlightly compressible fluid system, the standard compressibility expression

under isothermal condition is given as™:

d
Cq.wb = 1 %P9 .41
Pg dRpn wb
By applying Chain Ruleto Eq. 4.1, we have:
d
Cg,wb = iﬁi .42
Py dt  dRy, wb

Re-arranging Eq. 4.2, we have

The density of a substance, in this case for the gas, is expressed as follows:

Mg
9 Jwb
where,
mg = mass of gas bubble, Ibm
Vy = portion of the annular volume occupied by the gas, cuft

Differentiating Eq. 4.4 with respect to time, t, yields:

dmg dVg

7_m ¥

{d/’g] _ 9 gt 9 dt 45

dt B 2 T
wh Vg
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At any instantaneous time, t, any pressure imposed on the annular gas compresses a
constant gas mass that causes additional gas inflow from the reservoir. Such
compression results in increased gas mass of the entire annular gaseous phase at
instantaneous time t+At for the constant annular gas volume. However, the mass of
each already existing gas bubble, before the additional inflow, is assumed to remain
the same. Therefore, the increase in the entire annular gaseous mass is as a result of
the additional gas inflow by the wellbore storage effect. It should be noted that the
consequential change in density for each of the gas bubble is due to the change in its
volume only. Thus, at any instant, the reservoir pressurizes a constant annular

gaseous mass for additional inflow. At that instant of reservoir pressurization,

dm@J
—= =0 ... 46
dt b

Also, since the successive additional gas bubbles are as a result of reduction in the

entire annular gaseous volume, we have

Change in Gaseous Volume _ dVg 4.7
Change in Time wh Wb o

Substituting Egs. 4.6 and 4.7 into Eq. 4.5 yields an expression in terms of the gas

density and volume:

d dv
[_’OQJ :[p_g._gJ .. 48
dt wp Vg dt wh
When Eq. 4.8 is substituted into Eq. 4.3, we have,
av
[_dpbhj :( 1 ._QJ .. 49
dt )b CgVg dt wh
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Equation 4.9 is another expression generally used to express the isothermal gas
compressibility. Thus, all of the above assumptions, and anayses, which are the
implementation of al the hypotheses for this chapter, are consistent with the
conventional engineering analysis. Substituting Eq. 3.4 into Eq. 4.9, and re-arranging

yields:

. AR \:( 1 J . KhBy |t 410
(pr2$ —R2) lcgVg ), 3476TontigZg Po

Two constant parameters could be defined from Eqs. 3.5 and 3.6 asfollows:

-4
| = 263102 4
PLgCqTw
and,
Jo =[In1, +0.81] .. 412
Therefore, Eq. 3.5 smplifiesto:
Po =0.5J; +Int] .. 413
Substituting Eq. 4.13 into Eq. 4.10 and integrating resultsin:
J.' dRy, [ 1  khBg '2‘[ it
(pr'és -p2 ) cVg ), 34176TontgZg (3. +Int)
. 4.14
Where the LHS of EqQ. 4.14 isintegrated as
j' debh = L tann-1tbn .. 415
(Pres - th) Pres Pres

However, the integration of the RHS of Eq. 4.14 is as presented below up to Eq. 4.22

Let,
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u=Je +Int .. 416

Differentiating Eq. 4.16 with respect to time, t, we have
du = "ot
t

Then,

dt =t du .. 417
But, from Eq. 4.16,

Int=(u-J,)
Which then leads to:

t =elt—Jc) .. 418

Therefore, substituting Eqs. 4.17 and 4.18 into the RHS integrand of Eq. 4.14, we

(u-J¢)
J‘ dt :je “ du .. 419
Je +Int u

The RHS integrand of EqQ. 4.19 is much easier to solve compared to its LHS

have:

integrand. Since J,, isa constant parameter, re-arranging RHS expression of Eq. 4.19

results in the following expression:

u
ad _ 1 ]e 4 ... 420
JC+|nt e‘]c u

The RHS integrand is evaluated as;'®

2 3 4 5
— du—Inu+— L L R .. 421
1.7 2.2 3.3 4.4 5.5

The successive eva uation of each of the terms in the above series, for the same value
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of U, increases up to a particular term. Beyond this term, the evauation of the
subsequent terms continuously decreases rapidly. Also, as the parameter U increases
in value, there is increase in the number of terms before rapid decrease in the
evauation of subsequent terms commences. Therefore, it is inadequate to just
truncate the series in Eq. 4.21 without proper evaluation of the series. This fact is
taken care of during the computer simulation processes, so that the evaluation of the
highest term, after decreased evaluation in term commences, is at least 10° as
U increases. This lowest value of 0.00001 was arbitrarily chosen to satisfy maximum
decimal places of 4 usualy desired in engineering computations. So, substitution of

Eq. 4.21into Eq. 4.20 yields:

2 3
(3c +Int) (3. +Int) +(JC+Int) .

J‘ a1 I3 *+Int)+ 11 2.2 3.3
Jorint el (o ringt (@Go it
4.4 5.3
.. 4.22
If aparameter is defined as:
2 3
In(JC+Int)+(Jc+|'nt)+(‘]C+Ir:t) +(JC+Int) +
5s = 11 22 3-3 423
(3¢ +Int)? +(JC+Int)5 .................
4.4 5.9

Then, substituting Eqs. 4.15 and 4.22 into the solution of the model, Eq. 4.14,

completely solves for the model. Therefore, we have the compl ete solution expressed

as follows:
khB,J.
. g°s + Yt .. 424
Pres Pe eJc 34176CngTbh,ung
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Where,

Yit = theconstant of integration

For simplicity sake, another arbitrary parameter can be defined as:

2 khBg
Il = 7 . 4.25
34176ec  CgVgTohigZyg
Therefore, EQ. 4.24 isre-written as
Roh = Prestanh[Pres(Hc5s+Yint)] ... 4.26

Equation 4.26 is then the general solution with a constant of integration for
predicting the wellbore pressure build-up for a well shut-in on gas kick of known
specific volume or size before shut-in.

In order to evaluate the constant of integration, Yj.: , the initial condition at
the time of complete well shut-in is used. The actual time, expressed in hours, which
is required to shut-in the well must be known. This initial condition corresponds to
the previoudy illustrated initial period of al the three periods considered for the
modeling. Thus, at this initial condition, the hydrostatic pressure of the drilling fluid

would be the bottom-hole pressure. If t=tyandP =H,4 a the completion of
wellbore closure, where ty is the time required to completely close the wellbore
before the actual well shut-in period starts, and F, g4 isthe hydrostatic pressure, then
substituting the wellbore shut-in time into Eq. 4.23 gives the following equation:

In(J; +Inty )+ (3¢ +Inty) + (J¢ +Intg )2 + (3¢ +Inty )3 +

Osint = 11 2.2 3-3 . 4.27
4 5
(Jc"'lntcl) +(‘]c+|nt0|) s
4.4 5-9
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WhenP = R,q is substituted into Eq. 4.26, the constant of integration is solved for

as:

Yint :itanh_]{ I:hydj_(l_lc.ké‘s,int) ... 4.28
Pres res

With known constant of integration, the solution to the model, Eq. 4.26, can then be

evaluated for the wellbore or bottom hole pressure build-up as shut-in time increases.

4.3.1 Casing Pressure Module

Build-up of surface casing pressure is modeled as a changing annular gas
density phenomenon. For the physical processes under consideration in this study, the
pressures in the annulus are acting in various directions. The gas pressure from the
reservoir at the reservoir-wellbore contact is acting upward while the annular pressure
due to fluid column acts downward. As presented earlier, wellbore storage causes
increase in gas mass and, thus, increase in gas density for constant gas volume. Such
changes in gas density during shut-in make the computation of the hydrostatic
pressure of the annular fluid systemm more complex.

From the model hypotheses, drilling mud in the annulus is considered
incompressible while the annular gas is highly compressible. Therefore, integration of
Eq. 4.1, and the evaluation of the resulting constant of integration at the reservoir

conditions for the gaseous phase yields:

Py = &P =Y, Lo .. 429
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Where Yp is another constant of integration, and it is expressed in terms of the

reservoir conditions as:

1
Y, =Pr6—[c—}lnpg’r6 ... 4.30

g.res

Since the drilling mud density is expressed in |bm/gal, the gas density in Eq. 4.29
should also be expressed in lbm/gal (ppg). With known total annular volume, from
volumetric calculations, and the mud pit gain at the surface before the well is
completely closed, the annular gas volumetric fraction is represented as.

_Vepg _ Vg,ann

Vann Vann

.. 431

g

Implementing a volumetric averaging technique, the average density of the annular

fluid system is estimated as follows:

— P_V ,ann +pIVI,ann —
py =000 = pgig * 11— 1) . 432
ann

Therefore, the hydrostatic pressure of the annular fluid system can be estimated from:

Phyd.ann =0.052p ¢ D ... 4.33

The annular fluid hydrostatic pressure in Eq. 4.33 is computed for every wellbore

buildup pressure value to obtain the corresponding surface casing pressure rise.

4.4 Modeling Technique

The procedure adopted in the simulation is presented in this section. A

computer program written in Visua Basics 6.0 was developed to perform the
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simulation. The modeling data used are the same as those used in Chapter 3. These
data are, again, presented in Table 4.1. The datain bold are literature® data.

The major purpose of the modeling, in Chapter 4, is to predict the casing
pressure rise, which relatively determines the bottom-hole pressure rise. For
application of this study, varying the reservoir permesability and/or reservoir pressure
helps to match the predicted casing pressure rise to the measured casing pressure rise
up to the initial stabilization period. At the initial pressure stabilization, the reservoir
pressure used for the history matching of the casing pressure rise could be assumed to
be the reservoir pressure. Hence, such predicted reservoir pressure could be the basis
for controlling the well. Another purpose of this modeling is the ability to predict
what time, from when complete well shut-in commences, would a particular gas kick
scenario be expected to attain its initial pressure stabilization. Predicting shorter time
than actual could result in assuming lower pressure for the reservoir. Hence, this
could cause the occurrence of multiple kicks at the same borehole depth. Prediction of
such early time of initial pressure stabilization is possible if the predicted rates of
pressure rise for the casing and the bottom-hole are too rapid, as usualy presented by

the currently existing approaches.

4.4.1 Background to Pressure Build-up Computations

Before any pressure rise computation using the model developed in this
Chapter 4, the models developed and applied in Chapter 3 must have provided the

total volume of gasinflow into the annulus before shutting-in the well. The two
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Table4.1-Modeling Data

Bottom Hole Assembly:

Riser size = 19 in. ID
Casing Size = 11 in. ID
Drill pipe Size = 5 in. OD
Drill pipe Size = 441 in.ID
Drill Collars = 8 in. OD
Drill Collars = 281 in.ID

Bit diameter = 9.875 ins.

Bit nozzle sizes = 12 /32inx3
Total area of the three nozzles = 0.33147 in?

Bit nozzles' discharge Coefficient, Cd = 0.95 constant
Choke Line = 3 in. ID
Maximum Surface Pump Horse power = 1000 hp
Drilling Fluid and Formation Properties:

Mud Flow Rate = 400 gpm
Surface Pump discharge pressure = 1620 psi
Drilling Fluid density = 84 ppy = 61.4 Ib/ft®
Mud Plastic viscosity = 24 cp

Mud Yield Point = 18 Ibf/100ft*
Average velocity in drill pipe (DP) = 8.4 ft/sec
Average velocity in drill colars (DC) = 20.7  ft/sec
IAverage velocity through Nozzles = 387.1 ft/sec
Mud apparent viscosity for DP = 87 cp

Mud apparent viscosity for DC = 40 cp

Mud apparent viscosity for Bit Nozzles = 24 cp

Mud Surface tension, o = 1.30E-03 Ib/ft

Mud flowing Reynolds Number = 3323 Inside DP
Mud flowing Reynolds Number = 11254 Inside DC
Mud flowing Reynolds Number = 139439 Nozzles' exit
Friction Pressure loss in Drill pipe = 376  psi
Friction Pressure loss in Drill collars = 151  psi
Flowing BHP (FBHP) = 4332 psi
Formation Pressure = 4600 psi
Formation Permeability = 300 md
Formation Porosity = 0.3  fraction
Mud Hydrostatic Pressure = 4368  psi
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Table4.1—-Modeling Data (Contd.)

[Temperature:
Surface 70 °F = 530 °R
Bottom hole 180 °F = 640 °R

Hole Geometry - VERTICAL HOLE:

Riser Length

1000 ft from surface

Last Casing Shoe Depth

4000 ft from the mud line

Open-Hole section

5000 ft from last Casing Shoe

Drill Collars' Length 450 ft
[Time Required to drill h-ft of formation 0.033 hr
Open-hole radius, ry, 4938 ins. = 0.411 ft
Penetration Rate 30 ft/hr
Formation Fluid - GAS - properties:

Viscosity of gas at 1 ATM 0.01244 cp
Viscosity ratio 1.85

Gas Viscosity, U 0.023014 cp
Gas gravity, S.Gq 0.6

Gas Constant, R 10.7

Gas pseudo-critical pressure 671 psia
Gas pseudo-critical temp. 358 °R
Gas pseudo-reduced pressure 6.85544

Gas pseudo-reduced temperature 1.787709

Gas Compressibility factor, z 0.975

Gas Density, pq 11.98778 Ib/ft®
dZ/dP slope at 4600 psia 7.27E-05 psi™

Gas compressibility, Cg

0.000143 psi™

Gas Formation Volume Factor, Bg

0.003838 ft*/SCF

Gas Formation Volume Factor, Bg

0.000684 bbl/SCF
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periods responsible for this total volume of gas inflow before shut-in are designated
as stages 1 and 2 in Chapter 3. This computed total gas volume by simulation in
Chapter 3 isthe total gas volume as at the time of inflow into the wellbore (wellbore-
reservoir contact). That is, the volume does not include the effects of expansion
and/or coalescence of the bubbles on their volumes while flowing/migrating upward.
These effects were not addressed because of the obvious uncertainties in evaluating
the bubble behaviors while in the annulus. Hence, at this stage, the internal pressure
in each of these gas bubbles is the reservoir pressure.

However, to simulate the possible expansion that these bubbles would have
undergone at well shut-in, all of the gas bubbles are subjected to the hydrostatic
pressure of the drilling fluid, which is externally applied to each of the gas bubbles.
Due to lower annular fluid hydrostatic pressure than the reservoir pressure, which is
inside each of the gas bubbles, each of the gas bubbles would expand after inflow into
the wellbore. This procedure is simulated by imposing the concept of instantaneous
isolation of the reservoir that was earlier presented as one of the hypotheses in this
chapter. Therefore, this procedure results in increased gas volume immediately at
well shut-in than when the bubbles were released into the wellbore. It is upon this
expanded gas volume that the pressure rise would take place. This procedure is
realistic because if no gas expansion were ssimulated, it would not be possible for the
reservoir pressure to be greater than the internal pressure of each of the bubbles.
Thus, no gas bubble compression that gives rise to wellbore storage during the shut-in
period would be entertained. It is assumed that the gas expansion would have

displaced certain volume of drilling fluid equivalent to the extent of expansion of all
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the gas bubbles while shutting-in the well.

4.4.2 Computing Pressure Rises During Shut-in

The variables considered for this modeling are:
a. Reservoir pressure
b. Reservoir permesbility
c. Formation or reservoir interval drilled to achieve the total quantity of unexpanded
gas volume
d. Unexpanded annular gas volume
e. Expanded annular gas volume immediately at shut-in
f. The reservoir gas viscosity and compressibility factor, which vary anytime the
reservoir pressureis changed
For any particular simulation scenario, variable (d) is obtained from the model results
of the simulation developed in Chapter 3 at particular vaues of variables a, b, ¢, and
f. All of these values congtitute a set of simulation result. Another set could be
obtained by varying either the reservoir pressure or the reservoir permesbility to
achieve a desired total quantity of unexpanded volume of gas inflow. For example,
having different values of reservoir permesbility at constant reservoir pressure to
achieve equal total quantity of unexpanded gas inflow for these different cases
requires different values of interval to be drilled into the reservoir or formation. In
order to obtain the same total quantity of unexpanded gas inflow for different
reservoir permesbilities, different gas inflow rates must be involved. Such different

gas inflow rates undoubtedly correspond to different drilled formation intervals.
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For the simulation results presented in the following section, the reservoir
pressure is held constant at 4600-psi while the reservoir permeability was varied. The
variation in reservoir permesability consequentially corresponds to the required drilled
formation intervals as explained above. On the other hand, with varying reservoir
permeability but constant drilled formation interval, different unexpanded volumes of
the gas inflow would result.

The general model stated in Eq. 4.26 and the associated Eqs. 4.11 through
4.13, 4.25, and 4.28 are coded in VB programming language to compute the bottom-
hole pressure rise. The casing pressure rise is computed using Egs. 4.29 through 4.33.
The VB coding for these expressions is presented in the shut-in pressure rise module
in Appendix B2. Once each set of the simulation results obtained from the modelsin
Chapter 3 are inputted into their respective text boxes on the VB forms in Appendix
B1, the programming module for the shut-in pressure rise computations in Appendix
B2 would execute the program and displays the results for casing and bottom-hole
pressure build-up with shut-in time. If desired, plots of these casing, and bottom-hole
pressure rises could be displayed as well. Typica pressure build-up results for a

particular case scenario are presented in Appendix C2.

4.5 Simulation Results and Discussions

The simulation results of the newly developed model in this chapter are
divided into two parts. The first part is completely independent of the analysesin the
preceding Chapter 3. This part was conducted to establish the pressure build-up

trends influenced by wellbore storage effect for a wellbore shut-in during a gas kick.
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Excellent similarities in the resulting pressure-rise trends with those practically
observed during pressure transient testing (curve (b) in Fig. 2.10) are established. In
practice, for a typica shut-in procedure, the surface casing and drill pipe buildup
pressures are taken and recorded every 15-minutes. It shows that pressure rise in a
well shut-in on gas-containing systems requires sufficient time to build. Thisis unlike
the extremely rapid pressure build-up rates that have been predicted by al the
currently existing approaches to gas kick analysis. This statement would be explained
further in Chapter 5 during model validation and comparison with the existing
approaches for gas kick analysis.

The second part of the simulation results involves the integration of the results
in Chapter 3 and 4 to achieve a complete over-view of the status of a gas kick in the
wellbore from its inception up to when its control is initiated. In Chapter 3 it was
shown that reservoir permeability and formation or reservoir pressure prediction play
significant roles in determining the sizes of gas bubbles and its volume at the instant
of gaskick into the wellbore. Therefore, for a constant reservoir pressure,
comparisons of simulation results from the developed model in Chapter 4 would be

based on the arbitrarily selected three different reservoir permeabilities.

45.1 Effect of Reservoir Permeability on Pressure Rises

At the same rate of penetration and for the same 5-ft interval drilled into the
gas containing sediments of different permeability values of 50-md, 300-md and 400-
md, Figures 4.2 through 4.4 show that the rate of bottom-hole and surface casing

pressure rise increases as the permeability decreases. Thisis because at the time of
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BHP Build-Up profiles for Various Permeabilities
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Fig. 4.2 — Bottom-hole pressure build-up profiles for various permeability values
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AfterFlow Decreasing Trends During Shut-In for the
Various Case Scenarios

8 K =400 md
Formation Interval =5 ft
.. _ 3
N Initial Gas Vol. = 1009.78 ft y = -1E-05x° + 0.0035x’ - 0.2725x + 6.8273
] R? = 0.9967
6 - K =300 md
Form. Int. =5 ft
. _ 3
5 Init. Gas Vol. = 713.74 7| |\ — 1 05 + 0.003x - 0.2211x + 5.2787
R? = 0.9966
4 -
K =50 md
3 - Form. Int. = 5 ft
Init. Gas Vol. = 81.74 ft°
2 -
1 y = -8E-06x° + 0.0013x? - 0.0649x + 1.102
R? = 0.9953
0

0 20 40 60 80 100

Shut-In Time, At, mins

Fig. 4.3 — Rate of further flow of gasinto the wellbore during shut-in
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Fig. 4.4 — Surface casing pressure rise during shut-in
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noticing a gas-kick on surface equipment, drilling a 5-ft interval into alow permeable
reservoir would have caused a smaller volume of gas inflow into the annulus than
drilling the same interval into a higher permeable reservoir. Therefore, for the same
reservoir pressure imposed on different annular gas volumes, it takes a shorter time to
compress a smaller gas volume to its maximum density than compressing alarger gas
volume to the same maximum density.

These figures show a trend of gradua wellbore or bottom-hole pressure
buildup, which is the characteristic of pressure buildup in well testing. For these
particular scenarios, the figures indicate that gas formations with the same pore
pressure, but different permeability have different rates to achieve the initial pressure
stabilization. That is, with smaller annular gas volume and the same reservoir
pressure, low permeable formations would build-up its wellbore pressure faster than
highly permeable formations. Therefore, surface casing pressure observed in the field
should be expected to stabilize quickly for low permeable formations.

Under the same reservoir pressure for al the permeability cases, Fig. 4.3
shows that lower gas flow rate from the low permeability formation would result in

lower total wellbore storage during shut-in.

4.5.2 Effectsof Nominal GasKick Sizeor Volume

All of the currently existing gas kick analyses are based on assuming a
nomina gas inflow size or volume>**>"280848 This js because when a gas kick
occurs, the kick detection equipment on the surface are designed to alert the drilling

crew whenever certain pre-set conditions are satisfied. The most common kick
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detector on surface is the pit, which is usually set at a 10 or 20-barrel gain in the pit
volume. Other indicators of kick occurrence could be sudden changes in the rate of
drilling, known as drilling break. However, drilling bresk could aso occur when
drilling from harder formation into softer formation. Therefore, drilling break might
not necessarily be caused by well kick. When drilling break occurs, any gain in the
surface mud pit is usualy checked to gain insight on what might probably be
happening downhole.

These pit gain sizes or volumes are assumed to correspond directly to the gas
volume inside the annulus at the time of kick alertness. However, at the time of kick
aertness, the size of gas bubbles would have increased due to expansion than the
original size at the instant of inflow into annulus. This means that the total pit gainis
the volume of the gas bubble at the instant of inflow into the annulus, plus the volume
of drilling mud displaced due to expansion. Moreover, at the time of kick detection,
these expanded gas bubbles would have been relieved of their reservoir pressure with
which they entered into the wellbore. Unfortunately, for smplicity and as discussed
in Chapter 2, such expanded gas volume is still assumed to exist at the reservoir
pressure by the currently existing approaches.

In this section, 56.13-cuft of gas is assumed to flow into the annulus, and this
is equivaent to 10-bbls of mud displaced out of the annulus. This 56.13-cuft of gasis
the unexpanded volume of the gas bubbles at the instant of inflow into the annulus.
Possible increase in the total gas volume due to expansion, at the time of complete
well shut-in, is achieved as previously explained. This procedure causes larger

annular gas volume than 56.13-cuft, and consequently lower density. The 10-barrel
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gas volume was chosen because at the end of a 5-ft drilling break for all the
permeability cases, 50-md reservoir could not introduce a cumulative gas volume of
20-bbls. With the assumed equal pit gain, all of the three permeability cases therefore
have equal annular gas volume available at different inflow rates at the same reservoir
pressure during well shut-in.

Figures 4.5 through 4.7 show similar trends, as previously presented, for the
wellbore pressure, casing pressure, and rate of afterflow for the formations with
different permeabilities. However, the figures now show that the rates of rise of the
bottom-hole and surface casing pressures for the 50-md reservoir are slower than for
the 300 or 400-md permeability formations. These results are opposite to the results
presented in Figs. 4.2 and 4.4. This is because for the same reservoir pressurization
and equd initial annular gas volume at the time of complete well shut-in, the higher
rate of gas inflow from the 300 or 400-md formations would continuously introduce
larger quantity of gas mass into the annulus than the 50-md formation. Since the
annular gas volume is the same for al the permeability cases, the introduction of
larger gas mass by the 300 or 400-md formation would result in rapid increase in the
annular gas density up to the maximum gas density. Such rapidity of gas density
increase also causes rapid decline in the subsequent inflow rate from the 300 or 400-
md formations. A shut-in time is reached when the rates of inflow from the
formations are equal, as shown by the dashed circle in Fig. 4.7, which, however, is
not present in Fig. 4.3. When the maximum annular gas density is attained, initial
pressure stabilization occurs at the surface and downhole.

From the analysis of the resultsin Chapter 3, atrace of wellbore backpressure
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BHP Build-Up Profile for Various Permeabilities at
the SAME 10 bbls Kick Taken
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Fig. 4.5 — Bottom-hole pressure (BHP) profile for an assumed 10-bbl nominal gas
kick size at well shut-in
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Casing Pressure Build-Up for Various Permeabilities
at the SAME 10 bbls Kick Taken
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Fig. 4.6 — Casing pressure profile for an assumed 10-bbl nominal gaskick size at well
shut-in.
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AfterFlow Decreasing Trends During Shut-In for
SAME 10 bbls Kick Taken
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Fig. 4.7 — Shut-in inflow rates for an assumed 10- bbl nominal gaskick size at well
shut-in
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on highly permeable formations was noticed to cause rapid subsiding rate of
additional gas inflow from such formations. Such observation is enhanced and
reinforced by the resulting lower inflow rate from the 300 or 400-md formations than
that from the 50-md formation after the occurrence of the above-mentioned inflow
rate equalization. That is, after the inflow rate equalization, the influence of the
formation on the annulus decreases considerably for higher permesbility reservoirs.
Figure 4.8 shows the bottom-hole pressure derivative curves, and indicates that much

lower bottom-hole pressure changes are observed for higher permesability reservoirs.

45.3 Effect of Pressure Build-Up on the Annular Gas Density

A major characteristic of a gas is its ability to respond to a greater externa
pressure by reduction of its volume. If such volumetric reduction continues due to
increasing externaly imposed pressure on a constant gas mass system, the gas
mol ecules correspondingly exert increased opposite pressure to balance the externaly
applied pressure. This causes increase in the gas density because gas mass is constant.
Therefore, gas density continues to increase as long as the imposed pressure is greater

than the internal pressure of a gas bubble.

Figures 4.9A and 4.9B show the relationship between the rising wellbore
pressure and the annular gas density for the various permeability cases. These figures
show that irrespective of the sediment or formation permeability, at the same build-up
bottom-hole pressure, the same average gas density exists in the annulus. This could
only be assured for the same wellbore configuration if and only if the same reservoir

pressure acts on the annulus fluid, and the same drilling break was conducted before
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Impact of Wellbore Pressure Build-Up on
Annular Gas Density
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Fig. 4.9A —Variation of annular gas density with continuous wellbore pressure build-
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shutting-in. If, however, the annular gas density variation is plotted against the shut-in
time, similar patterns as in Fig. 4.2 are obtained because of different rates of inflow
during shut-in. Thisis presented in Appendix D.

In practice, it is usually assumed that when awell is shut-in on a gas-kick, the
small variations in the gas density do not aid any wellbore pressure build-up. From
the presented simulation results, a small gas density variation was achieved, as always
practically assumed. However, such low gas density variation has been shown to
generate considerable pressure build-up single-handedly.

Due to the need for instantaneous system equilibrium at every wellbore
pressure build-up, the instantaneous average gas pressure in al the gas bubbles
should equate the wellbore pressure. Therefore, at the time of pressure stabilization,
the average gas pressure in the annulus would approximately be equal to the

formation pressure.

4.5.4 Bubble Size Profileat the I nstant of I nflow During Shut-in

To conclude on the bubble size distribution that was discussed in Chapter 3
for the gas kick analysis, this section presents an explanation of possible
instantaneous bubble size distribution at the instant of gas inflow during the shut-in
period. Normally, as shut-in time increases, the rates of inflow decline, which should
correspondingly results in successive decrease in the bubble sizes. Figure 4.10 shows
that the bubble sizes during the shut-in period decrease polynomially until the inflow
ceases, which signifies pressure stabilization. This figure also shows that at any shut-

intimeinterval, the volume of the gas bubble resulting from the inflow is larger for
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Decreasing Bubble Sizes as BHP Builds Up with
Time During Shut-in
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formations with high permeability due to the higher inflow rate.

455 Integration of All the Modeling Stages

Coupling of al of the modeling stages requires relating common varying
parameters for al the stages. Since no drilling activities occur during well shut-in,
relating drilled formation interval to the bubble sizes as presented in Chapter 3 would
be inappropriate. Therefore, drilling time from Chapter 3 (stages 1 and 2), and shut-in
time from Chapter 4 (stage 3) were chosen in order to relate to the bubble size
distribution for all the modeling stages. Figure 4.11 shows the coupled results of all
the stages for the same permesbility variations, used in this study. This plot shows
that a any stage of the gas kick analysis before any kick control procedure is
initiated, formations with high permeability would introduce large size gas bubbles
into the annulus than formations with low permeability. This, consequently, means
that higher permeability formations would introduce larger total additional gas
volume into the annulus during the shut-in period.

Figure 4.12 shows the differences in cumulative gas kick volumes, and the
required total time for wellbore pressure stabilization. It should be recalled that for
the base case data, the drilling fluid flowing bottom hole pressure during drilling
operation was deliberately designed to be lower than the hydrostatic pressure of the
drilling fluid. This was achieved as follows. At a particular well depth and a constant
mud weight, the hydrostatic pressure is constant when mud circulation ceases.
However, during drilling and mud circulation, computed flowing bottom-hole

pressure through the drill-string could vary depending on the magnitude of fluid
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Apparent Gas Bubble Size Profile from Kick Inception
to Pressure Stabilization During Shut-In
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Fig. 4.11 — Integration of apparent bubble size profile for al the modeling stages
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Cumulative Annular Gas Volume from Kick Inception to
Pressure Stabilization during Shut-In
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pressure loss inside the string. This fluid pressure loss also depends on the extent of
the pipe roughness, viscosity, and the flow rate of the fluid inside the pipe. With all
other parameters held constant, a certain fluid flow rate inside the drill-string could
result in excessive frictional pressure loss. If careis not taken, the pressure loss could
be significant to cause lower mud flowing bottom-hole pressure than the hydrostatic

pressure.

45.6 Effect of Hydrostatic Pressure During Shut-in Period

This section presents the effect of mud density on the entire results of the gas
inflow. Whenever drilling and mud circulation are suspended, the only force that
could subdue the pore pressure or formation pressure is the hydrostatic pressure of the
drilling fluid. If, however, a large pressure differential exists between the designed
hydrostatic pressure and the formation pressure, there would be differences in the
total volumes of formation fluids that would inflow from the time the mud circulation
Ceases.

Re-designing the drilling fluid flow parameters such as the surface pump
pressure, the drilling fluid density, and the desired flow rate in Table 4.1 results in
another table of data presented in Table 4.2. For the sake of consistency, the same
circulating bottom-hole pressure was retained as closely as possible, but the
hydrostatic pressure was reduced. The desired flow rate and the drilling fluid density
were reduced to 381-gal/min and 8.2-1b/gal respectively. These lowered the required
surface pump discharge pressure and hydrostatic pressure to 1543-psi and 4264-psi

respectively with constant flowing bottom-hole pressure of 4332-psi.
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Implementation of the procedures for all the three stages modeled in this study
using the data displayed in Table 4.2 results in the bubble size distribution shown in
Fig. 4.13. Thisfigure shows that for any permeability case, thereisincrease in the gas
bubble sizes at the instant of suspending mud circulation because of lower hydrostatic
pressure. However, the subsequent size of gas bubbles decreases as pressure
stabilization is being approached. Superposition of Figures4.11 and 4.13 is presented
in Fig. 4.14. Figure 4.14 shows that for the lower hydrostatic pressure, the initial total
annular gaseous volume at shut-in is higher than that of the higher hydrostatic
pressure case scenario. Similar results are obtained for the cumulative gas

mass/volume that entered the annulus during the shut-in period.

46 Summary

A different approach to the wellbore and casing pressure build-up during a
gas-kick control was presented. This approach showed consistency with field
observations of pressure build-up during well testing As a consequence, a new model
that is based on wellbore storage concept was presented to achieve this goal.

Completion of the instantaneous gas bubble size distributions in the annulus
that was started in Chapter 3 was achieved. Effects of various factors on the pressure
rise were analyzed. It was noticed that permeability and the initial annular gaseous
volume before shut-in play significant roles in determining the duration for pressure
stabilization as well as quantitatively determining the rate of gas inflow during shut-
in. For formations with different permeability but with equal initial annular gaseous

volume, the rate of gas inflow, during shut-in, decreases more rapidly for the highly
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Table 4.2 — Conventional drilling fluid pressure design data

Bottom Hole Assembly:

Riser size = 19 in. ID
Casing Size = 11 in. ID
Drill pipe Size = 5 in. OD
Drill pipe Size = 441 in.ID
Drill Collars = 8 in. OD
Drill Collars = 281 in.ID

Bit diameter = 9.875 ins.

Bit nozzle sizes = 12 /32inx3
Total area of the three nozzles = 0.33147 in®

Bit nozzles' discharge Coefficient, Cd = 0.95 constant
Choke Line = 3 in. ID
Maximum Surface Pump Horse power = 1000 hp
Drilling Fluid and Formation Properties:

Mud Flow Rate = 381 gpm
Surface Pump discharge pressure = 1543 psi
Drilling Fluid density = 82 ppg = 61.4 Ib/ft
Mud Plastic viscosity = 24 cp

Mud Yield Point = 18 Ibf/100ft"
Average velocity in drill pipe (DP) = 8.0 ft/sec
Average velocity in drill colars (DC) = 19.7 ft/sec
Average velocity through Nozzles = 368.8 ft/sec
Mud apparent viscosity for DP 920 cp

Mud apparent viscosity for DC = 41 cp

Mud apparent viscosity for Bit Nozzles = 24 cp

Mud Surface tension, o = 1.30E-02 Ibf/ft

Mud flowing Reynolds Number = 2982 Inside DP
Mud flowing Reynolds Number = 10257 Inside DC
Mud flowing Reynolds Number = 129561 Nozzles' exit
Friction Pressure loss in Drill pipe = 339 psi
Friction Pressure loss in Drill collars = 136 psi

Mud Flowing BHP (FBHP) = 4332  psi
Formation Pressure = 4600 psi
Formation Permeability = 300 md
Formation Porosity = 0.3 fraction
Mud Hydrostatic Pressure = 4264  psi
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Apparent Gas Bubble Size Profile from Kick Inception

to Pressure Stabilization During Shut-In
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Fig. 4.13 — Apparent gas bubble size profile for the conventional drilling fluid

pressure design
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Apparent Gas Buble Size Profile from Kick Inception to
Pressure Stabilization During Shut-In

60.00
55.00 - 4
50.00 A

b‘.'.’
o, Stage 2
45.00 4 e . [Stage 2]

Apparent Gas Bubble Sizes, inches

90

Time, mins

—— K =400-md (High Hyd. P) ———K =300-md (High Hyd. P) K =50-md (High Hyd. P)
x—K=50-md (Low Hyd. P) = K=300-md (Low Hyd.P) e K=400-md (Low Hyd.P)
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permeable formations. Finally, it has been shown that the practically assumed small
variation in gas density during well shut-in is aso theoretically achievable. However,
such small variation in gas density could single-handedly generate wellbore pressure

build-up.
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CHAPTER FIVE

VALIDATION OF MODELSAND PRACTICAL
APPLICATIONS

51 Introduction

So far two models have been developed and presented. One of the models was
utilized in Chapters 3 and 4 to predict the gas bubble sizes/volumes at the instant of
inflow into the wellbore. Predictions from this model help in improving the
theoretical gas inflow analysis presented in Chapter 2 regarding the total gas volume
existing at the reservoir pressure. The second model predicts the surface and bottom-
hole pressure variations for a gas-kick during well shut-in.

In order to validate these models, an existing published model on gas kick
anaysis (vaidating model), and a field smulated experimental work at the Louisiana
State University are chosen. The validating model analyzed only stages 1 and 3 of the
three stages presented in this current study. This validating model considered the
periods during drilling and shutting-in.

An obvious area of application of the present study is in under-balanced or
inflow drilling operations. Some sections in this chapter would be devoted to the
guantification of gas inflow during under-balanced drilling, and the estimation of
reservoir permeability during well shut-in for a short period while drilling under-

balanced.
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5.2 Validation of Models

The existing modeling approach by Nickens™ has been considered to vaidate
the models developed in this study. For proper validation of the modeling approach
by the present study, comparison of simulated results from this study and those
presented by Nickens™ was conducted. The developed model from this study and
Nickens model were evaluated using the simulation data presented by Nickens. These
data are the bolded part of the data presented in Table 5.1. Other data are those
needed to successfully conduct gas inflow evauation using the new model. These
data are reasonably chosen and calculated using standard engineering expressions
from the literatures™.

As mentioned earlier, Nickens approach is based on the assumption that the
gas bubbles exist as uniformly sized and distributed bubbles. This assumption implies
that the effect of increasing gas inflow rate on the bubble size as more interval of the
formation is exposed is considered negligible. Such assumption is invalid because it
has been observed experimentally that gas bubble sizes increase as the inflow rate

199 Moreover, it has

increases even in more viscous liquids, such as drilling fluids.
been discovered that a bubble trailing another leading bubble moves faster than the
leading bubble due to a vorticity force created by the leading bubble. The increase in
the velocity of the trailing bubble causes coalescence of the two bubbles to form
bigger bubbles"**® that could be randomly distributed in the annulus.

There are other gas bubble activities, as the bubbles flow or migrated

upwardly that possibly affect the wellbore pressure rises that cannot be technically

and adequately accounted for. Such activities are pronounced after theinitial
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Table5.1 —Validation Data

Bottom Hole Assembly:

Riser size 19in. 1D
Casing Size 11 in. ID
Drillpipe Size 5in. OD
Drillpipe Size 441 in. 1D
Drill Collars 8in. OD
Drill Collars 2.81in. 1D
Bit diameter 9.875 ins.

Bit nozzle sizes 12/32in x 3
Total area of the three nozzles 0.331 in2

Bit nozzles' discharge Coefficient, Cd 0.95 constant
Choke Line 3in. 1D
Maximum Surface Pump Horse power 1000 hp
Maximum Pump Discharge Pressure 2880 psi
Maximum Flow Rate 595 gal/min
Drilling Fluid and Formation Properties:

Mud Flow Rate 400 gpm
Surface Pump discharge pressure 1936 psi
Drilling Fluid density 10 ppg = 75 Ib/ft
Mud Plastic viscosity 15 cp

Mud Yield Point 8 Ibs/100ft>
Average velocity in drill pipe 8.40 ft/sec
Average velocity in drill collar 20.69 ft/sec
Average velocity through Nozzles 387.15 ft/sec
Mud apparent viscosity for DP 43 cp

Mud apparent viscosity for DC 22 ¢cp

Mud apparent viscosity for Nozzles 15 ¢cp

Mud Surface tension, ¢ 0 Ibf/ft

Mud flowing Reynolds Number

8003 Inside the Drill Pipe

Mud flowing Reynolds Number

24269 Inside the Drill Collars

Mud flowing Reynolds Number

266701 At nozzles' exits

Friction Pressure loss in Drill pipe 381 psi
Friction Pressure loss in Drill collars 153 psi
Flowing BHP (FBHP) 5258 psia
Formation Pressure 5558 psia
Formation Permeability 300 md
Formation Porosity 0.3 fraction
Mud Hydrostatic Presssure 5200 psia
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Table5.1—Validation Data (contd.)

Temperature:
Surface 70 °F = 530 °R
Bottom hole 180 °F = 640 °R

Hole Geometry - VERTICAL HOLE:

Riser Length

1000 ft from surface

Last Casing Shoe Depth

4000 ft from the mud line

Open-Hole section

5000 ft from last Casing Shoe

Drill Collars' Length 450 ft
Drilled Formation Height, h 1ft
Time Required to drill h ft 0.033 hr
Open-hole radius, ry, 4938 ins. = 0.411 ft
Penetration Rate 30 ft/hr
Formation Fluid - GAS - properties:

Viscosity of gas at 1 ATM 0.0124 cp
Viscosity ratio 2.02

Gas Viscosity, Hg 0.025 cp
Gas gravity, S.G4 0.6

Gas Constant, R 10.7

Gas pseudo-critical pressure 671 psia
Gas pseudo-critical temp. 358 °R
Gas pseudo-reduced pressure 8.283

Gas pseudo-reduced temperature 1.788

Gas Compressibility factor, z 1.044

Gas Density, pq 14 Ib/ft®
dZ/dP slope at 5558 psia 0.053 psi'l

Gas compressibility, C4

0.000104 psi™

Gas Formation Volume Factor, Bg

0.003401 ft*/SCF

Gas Formation Volume Factor, Bg

0.000606 bbl/SCF
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stabilization period (wellbore storage effect).’* Due to the complexity of gas bubble
flow, it is quite impractical to assume that a particular gas bubble distribution exist in
the annulus. Likewise, it isinappropriate to consider any average gas bubble velocity
correlation of the assumed bubble distribution as being the controlling factor for gas

inflow or wellbore pressure evaluation.

5.2.1 Prediction of Surface Mud Pit Gain

With the assumption of non-dissolution of gas in a liquid system, such as
water-based mud, a means of detecting gas inflow into the annulus during drilling is
the gain in the surface mud pit. Although this method of detection has been evaluated
as being slower in reacting to gas inflow than other means such as change in the
standpipe or surface pump pressure™, it remains one of the most important means of
evaluating and detecting gas inflow™",

Using the data presented in Table 5.1, the surface mud pit gains were
computed from Eqs. 3.33 through 3.45 presented in Chapter 3. Figure 5.1 shows the
comparison of these results for the developed model and those obtained by Nickens
(validating model). This figure shows that the surface mud pit gain, before surface
alertness of gas inflow, increases polynomially with the drilling time. An excellent
agreement in the trends of the results from the two models is displayed. However, the
dight difference in the magnitude of the results may be due to different gas properties
used for computation by the two models. Moreover, the developed model computes
for only the gas bubbles sizes/volumes at the instant of inflow into the wellbore from

the reservoir. Hence, results from the developed model do not incorporate any bubble
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Fig. 5.1 — Comparison of simulation results for the surface pit volume for the
developed model and Nickens model
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expansion that might have occurred while each of the bubbles flows upward with the
circulating drilling fluid. Such expansion could definitely be responsible for the lower
predictions by the developed model, if and only if the Nickens model is taken to
incorporate the bubble expansion effects, though not vividly stated in the paper.
Another reason for the different results could be attributed to the fact that the
new mode did not smulate the stage 2 (flow check period) of the present study.
Simulating stage 2 requires the knowledge of the time used to watch if the well could
flow on its own. Unfortunately, such information is not available among the
simulation data presented by Nickens™. During stage 2, as presented in Chapter 3, gas
inflow continues, and this would definitely cause increase in the annular gas volume

with more increase in the pit gain.

5.2.2 Modeling of Bottom-Hole Pressure Rise During Well Shut-in

In practice, whenever a gas inflow into the wellbore occurs, further drilling
and circulation of drilling fluid is suspended to visually observe if the well would
flow on its own at the surface. If there is significant annular flow, the well is shut-in
to properly evaluate the bottom-hole pressure conditions.>>® Such standard
procedures'’ help to determine how much increase in weight of the drilling fluid is
needed to subdue further inflow of the gas when circulating the gas out of the hole,
and when drilling operations and drilling fluid circulation resume. In this study,
simulation of the shut-in processes has been modeled as stage 3.

Figure 5.2 shows the predictions of the bottom-hole pressure rise during well

shut-in on gas-mud mixture up to the initia pressure stabilization of the well. This
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figure presents the comparisons of prediction results by both Nickens approach and
the developed model. As earlier discussed, Nickens model is based solely on the
upward velocity of the gas bubbles during shut-in, while the developed model
considers this initial pressure stabilization period as the wellbore storage influenced
period. Hence, there are considerable differences existing in the predictions from the
two approaches.

Two redlistic practical aspects are lacking in the predictions by Nickens. The
first being that immediately at shut-in, the bottom-hole pressure is predicted to
sharply decrease due to lower hydrostatic pressure in the annulus caused by the
presence of the gas bubbles. This period is indicated in Fig. 5.2 with dashed oval.
This consideration is impractical because the reservoir pressure being greater than the
bottom-hole pressure at shut-in would not alow the bottom-hole pressure to sharply
decrease as presented by Nickens. Rather, a continuous pressure building would
result as presented by the developed model. The second aspect is the practica
impossibility of recording the surface casing pressure rise a a time interval of 15
minutes™ if Nickens mode is used. The resulting rapid rise in the predictions by
Nickens would predict early time pressure stabilization, which could erroneously
mislead the drilling crew in assuming a lower bottom-hole pressure as being the
reservoir pressure. Hence, attempts to control the gas kick using Nickens model could
cause multiple gas kick occurrences at the same depth, which are usually experienced
when improper control procedures are followed.

To further support the discussion of gradua bottom-hole pressure rise during

theinitial stabilization period, areproduction of the experimental results at the
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Fig. 5.2 — Comparison of the predictions for bottom-hole pressure rise by Nickens
model and the developed model
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Louisiana State University LSU-Goldking No. 1 WelI**® is presented in Fig. 5.3. The
details of the experiment can be found in the cited reference. However, a summary of
the test procedure is as follows. After initiating a gas kick with nitrogen gas injection
a the bottom-hole through a tube passed from the surface to the bottom-hole, an
initial mud pit gain was 11.8 bbl. At this time, the annulus was closed to prevent
further outflow of the mud from the annulus, but gas injection continued, which, in
reality, smulates the continuous pressurization of the annular fluid by the reservoir.
The results show gradual pressure build-up or rise in the system without any initial
bottom-hole drop. Thisisindicated in Fig. 5.3 as the first shut-in period. Such period
is considered as the wellbore storage period because more gas could be injected into
the closed annulus to attain the initial wellbore pressure rise during shut-in.
Practically, thisinitial pressure stabilization period is the critical period for estimating
the reservoir pressure, which guides the amount of drilling mud weight-up needed.
After attaining a desired casing pressure, the gas injection was stopped, and
the casing pressure was maintained by bleeding the mud from the well. This is the
second experimenta period shown as the mud-bled period in Fig. 5.3. Undoubtedly,
after the initial pressure stabilization, any subsequent pressure rise at the surface and
at the bottom-hole would be due to the continuous closeness of the leading gas bubble
to the surface choke. In practice, mud is bled from the wellbore to maintain a desired
casing pressure. Maintenance of dlightly higher pressure above the initia stabilization
of casing pressure helps to achieve a dightly greater bottom-hole pressure than the
reservoir pressure. This is the safety pressure margin that alows mud to be

periodically bled from the annulus without allowing the bottom-hole pressure to fall
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Fig. 5.3- Reproduced plots of the gas kick experimental results at the LSU-Goldking
well no. 18
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below the reservoir pressure. During this period, any drop in the bottom-hole pressure
is as a result of gas bubble expansion, which consequently lowers the equivaent
hydrostatic pressure of the gas/mud mixture in the annulus with constant casing
pressure.

The fina shut-in period shown in Fig. 5.3 was conducted when the leading
gas bubble reaches the surface choke line. A sharp increase in the casing pressure,
which also causes sharp increase in the bottom-hole pressure, is due to the high
internal pressure of the gas bubbles that is exerted on the surface choke. Although, the
experiment procedures did not present how the upward bubble migration affects the
rate of wellbore pressure rise, however, some conclusions could be drawn from the
experimental results. First, gradual wellbore pressure rise occurs starting from the
time awell is shut-in up to the initia pressure stabilization period, that is dominated
by wellbore storage. Secondly, rapid wellbore (surface casing and bottom-hole)
pressure rise starts when the first gas bubble reaches the surface choke.

Presented in Fig. 5.4 are the results of another study®® that utilized bubble
upward migration velocity as the determining factor for wellbore pressure rise after
shut-in. However, gas pseudopressure was used to analyze the gas behavior. Clearly,
one could conclude that the initial influence of the reservoir pressure, referred to as
the wellbore storage period, is completely omitted. Rather, it is presented as a no
pressure rise period followed by a sharp casing pressure rise, which should produce

sharp bottom-hol e pressure build-up.
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5.3 Quantitative Prediction of Gas Inflow During Under-
balanced Drilling

One of the advantages of under-balanced drilling is the ability to evaluate the
productivity of areservoir during drilling operations.'® Other benefits are the reduced
formation damage, higher penetration rate especially in hard rocks, and lower cost of
drilling operations if under-balanced could consistently be maintained.”® However,
from the real-time bottom-hole pressure measurements while drilling, it is obvious
that continuous maintenance of under-balanced conditions at the bottom-hole is
difficult. Pressure surges that occur during some subsidiary operations such as pipe
connections and surveys tend to jeopardize the achievement of complete elimination
of formation damage.'**

From the recent literatures, reservoir evaluation has been approached through
the estimation of the reservoir fluids flow rates into the wellbore. Assumption of the
reservoir fluid inflow rate being the difference in the drilling fluid surface injection
rate and the fluid outflow rate from the annulus.*****® So far, efforts in modeling
reservoir fluid inflow have been concentrated on the ail inflow.*?*% Considering the
existence of other forces such as interfacial tension that is associated with gas inflow
into a liquid system, different flow rates, and different physical characteristics that
exist among the different phases of the reservoir fluids, it would be inappropriate to
assume the same procedures for predominantly oil, and predominantly gas inflow into
aliquid system.

Therefore, considering the fact that the induction of gas kick is due to the

existence of under-balanced pressure conditions at the bottom-hole, the modeling
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procedures presented in Chapter 3 could then be used for predicting the total volume
of gas inflow while drilling. This is possible if under-balanced condition is
maintained at the bottom-hole. An advantage of this prediction approach over those
that depend on the difference between the fluid injection and fluid outflow rates is
that the increasing fluid outflow rate from the annulus due to the gas expansion is
eliminated. Likewise, the influence of the unloading wellbore storage on the total
fluid outflow rate from the annulus is eliminated. The unloading effect causes the
measured outflow rate to be higher than the reservoir fluid inflow rate at the bottom-
holeif no fluid injection into the drillstring is permitted.

Unfortunately, al of these additional flow rates cannot be individually
measured, and thus, the reservoir fluid inflow rate at the bottom-hole cannot be
practically modified for their influences. Not recognizing the impact of such
additional flow rates could cause migudgment of the inflow capabilities of the gas
into the wellbore. By predicting gas volume at the instant of inflow into the wellbore,

better judgment on the production capability of the gas reservoir could be ascertained.

5.4 Estimation of the Gas Reservoir Per meability and
Pore- Pressure

Prediction of reservoir characteristics during under-balanced drilling is
undoubtedly a complex and cumbersome task. Recent studies****® on the subject
have shown efforts being made to judiciously utilize the available measurable
information during the underbalanced drilling to gain insights on characterizing the
reservoirs being drilled. Apart from the study by Kneiss*®, all other studies are based

on aterations of both the reservoir pressure and suitable reservoir permeability values
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in commercia reservoir and wellbore transient simulators to predict the measurable
bottom-hole pressure during underbalanced drilling.

On the contrary, Kneiss*®® resolved the fluid inflow equation for two drilled
incremented intervals to obtain two equations with two unknown variables (reservoir
pressure and reservoir permeability). Solving the resulting equations simultaneously
could yield the estimates for the reservoir pressure and permeability. However, the
reservoir fluid inflow rate for each of these incremental intervals is assumed known
through a downhole flow meter. If, however, a downhole flow meter is absent, such
reservoir fluid inflow rate is assumed as the difference between the surface outflow
rate and the injection rate.'® In practice, Biswas et a'® stated that direct inflow rate

measurement from reservoir is presently impossible during underbalanced drilling.

5.4.1 Improving on the Existing Approaches

An obvious oversight from estimating reservoir inflow rate from surface flow
measurements (injection and outflow rates) is the fact that the total fluid outflow rate
from the annulus is not the sum of the injection, reservoir production and wellbore
storage rates as always being assumed. It is a fact that there are considerable
differences in the rate at which the drilling fluid is injected into the drill string at the
surface and the rate of its gection at the bit-reservoir contact. Therefore, the most

appropriate approach should, rather, have been the following expression:

Qs,ann = Qhit, ¢ (t)"' Qr%(t) +was(t) .01
Where,

Quit.g = f(Qsiin+ fap. bit nozlesizes, hole depth,...... .52
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Quit,ej = rate of drilling fluid ejection at the bit-reservoir contact
Qs ann = total fluid outflow rate from the annulus
Qres = rateof reservoir fluid inflow

Qubs = contributions to the outflow rate due to wellbore storage effect

In Eq. 5.1, Qs includes the outflow rate contribution from the rate of gas bubble

expansion (unloading) and compressions (loading) as the case may be. Ability to
individually measure the various flow rates at the RHS of Eq. 5.1 would significantly
improve on the analyses of the currently existing approaches. However, it is difficult,
if not impossible, to estimate the expansion and/or contraction rates of al the gas
bubbles existing at different depths inside the annulus. Hence, inaccurate estimation
of wellbore storage effect could introduce significant error in the fina prediction of

reservoir pressure and permesability using this approach.'?®

5.4.2 Proposed Approach for Estimating the Reservoir Pressure and
Per meability

From previous discussions, it is clear that the contribution of the wellbore
storage effect to the fluid outflow rate from the annulus is practically impossible to be
quantitatively evaluated. A better approach of adequately minimizing the
uncertainties surrounding this event is to shut-in the well. By so doing, all of the gas
bubbles would not expand any further, which eliminates the unloading aspect of the

wellbore storage effect. This approach narrows down the uncertainties to only the
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loading aspect of wellbore storage, which has been simulated in Chapter 4 of this
study.

Also during well shut-in, measuring and/or determining the rates of fluid
injection into the drill pipe, fluid gection rate at the bit-reservoir contact, and the
outflow rate are eliminated. This, consequentially, alows reservoir fluid inflow
analysis to be solely dependent on the reservoir response to the wellbore conditions.
However, any analysis to be conducted during well shut-in must be fast enough to
avoid the bottom-hole status reaching overbal anced conditions.

Judging from the presently existing approaches, the procedures for estimating
the reservoir pressure and permeability is by statistical alteration of these propertiesto
history match the measurable bottom-hole pressure. That is, one of the reservoir
properties is assumed known or kept constant while the other property is atered.
However, there has always been difficulty in matching the flowing bottom-hole
pressure when these reservoir properties are simultaneously and randomly varied."**
127 Therefore, parametric sensitivity study is performed to determine which of the two
reservoir parameters is most sensitive to the analysis. Using the well shut-in model
presented in Chapter 4, the reservoir pressure and the reservoir permeability were
separately varied. Figure 5.5 shows the bottom-hole pressure rise during well shut-in
on gas inflow. The effects of keeping the reservoir permeability constant and varying
the reservoir pressures at intervals of 50-psi (5558, 5608, and 5658-psi) and 200-psi
(5558 and 5358-psi) are displayed. On the other hand, Fig. 5.6 shows the effects of
keeping the reservoir pressure constant and varying the reservoir permeability at

intervals of 100-md (300 and 400-md) and 350-md (400 and 50-md). From these
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Fig. 5.5 — Reservoir pressure sensitivity study at constant reservoir permeability.
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Fig. 5.6 — Reservoir permeability sensitivity study at constant reservoir pressure.
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analyses, it is clear that the reservoir pressure is the most sensitive of the two
reservoir properties because at smaller varying interval, than that of the permesability,
it causes larger differences in the bottom-hole pressure at a particular shut-in time.
These observations indicate that systematic variation of these parameters needs to be
adopted to achieve speedy and meaningful results. Lack of such systematic variation
could probably cause the poor prediction of the reservoir pressure and permeability

as, also, presented by Vefring et al*?’.

5.5 Summary

An existing published analytical model of Nickens™, and afield experiment of
a gas kick by Mathews and Bourgoyne'*® have been used to validate the two models
developed and anayzed in Chapters 3 and 4. The field experiment confirms that
bottom-hole pressure starts to build immediately the well is shut-in, as presented in
this study, and the bottom-hole pressure does not rise sharply during this period. This
shows that the similar approaches used by the various existing models are practically
less adequate in predicting the initia pressure stabilization time from which the
reservoir pressure is estimated, which aso determines the success of a gas kick
control.

In predicting the productivity capabilities of a gas reservair, it has been shown
that analyzing the gas inflow at the sand-wellbore face would better determine how
well the reservoir actually produces without significant influences by the various
wellbore conditions. A wellbore condition of pressure reduction on the gas as it flows

to the surface would result in gas expansion, which then could indicate false
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productivity capability of the gas reservoir if outflow production rate of the gas is
used to evaluate the reservoir.

A more controllable approach for estimating the reservoir pressure and
permeability during underbalanced drilling was introduced. Also, correction to the
currently used surface flow rates approach was provided. It was indicated that the
assumption of the difference in the fluid injection rate into the drill pipe and the fluid
outflow rate from the annulus being taken as the inflow rate from the reservoir is
incorrect. Also, the influence of wellbore loading and unloading (wellbore storage
effect) cannot be quantitatively estimated in practice. In order to simplify or reduce
the complexity of estimating reservoir properties (reservoir pressure and
permeability) during under-balanced drilling, a well shut-in approach was presented.
Sensitivity study showed that for gas reservoir, the reservoir pressure is more
sengitive to the analysis than the reservoir permeability. Hence, in estimating any of
these properties, better prediction or measured data matching could be obtained when

the less sensitive property is held constant while the more sensitive property is varied.
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CHAPTER SIX

CONCLUSIONSAND RECOMMENDATION

6.1 Conclusions

1. Two models were developed: gas bubbly model that is applicable to al of the
three stages, and, a wellbore pressure build-up model that is based on the
increasing annular fluid density during well shut-in was applied to stage 3 only.
The gas bubbly model showed greater magnitude of reduction in the apparent gas
bubble size, and the wellbore pressure build-up model showed greater reduction
in the bottom-hole pressure change after certain shut-in period for the cases of gas
formations with high permeability that are subjected to the same rate of increasing
wellbore pressure.

2. Since the gas inflow into a denser fluid system is bubbly in nature while liquid
inflow is streaky, it is paramount to incorporate the forces of the viscous, surface
tension, inertia, and the buoyancy that are responsible for gas bubble formation or
development in modeling gas inflow scenarios.

3. During the opened wellbore stages (stages 1 and 2), increase in permeability of
the gas formations causes increase in the bubble sizes'volumes under the same
conditions of drilling and other reservoir properties. Consequentialy, there is

increase in the rate at which the surface mud pit rises during these stages.
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4. Assumption of radia flow of gasinto partialy penetrated wellbores of < 1-ft for
the modeling conditions stipulated in this study has proven to be inadequate for
gas formations of considerable vertical permeability. Hence, for such short partial
penetration into gas formations, a hemispherical inflow expression would be more
appropriate.

5. Porosity effect on gas production is not apparent at smaller drilled gas formation
interval. However, for long interval, based on cumulative gas produced, gas
formation with lower porosity produces more gas volume than one with higher
porosity due to the greater pore space compression. This was in agreement with
the published data. Occurrence of this effect at the near wellbore could aso
contribute to additional near wellbore damage. This shows that a gas formation
with significant porosity variation throughout the formation could have varying
pore space compression, and hence varying internal porosity damages. This effect
could trigger increasing permeability impairment, and hence, limit the ultimate
recovery from such gas formation.

6. Permeability and the initial annular gaseous volume before shut-in play
significant roles in determining the duration for pressure stabilization as well as
guantitatively determining the rate of further gas inflow during shut-in. For
formations with different permeability but with equa initia annular gaseous
volume, the rate of gas inflow, during shut-in, decreases more rapidly for the

highly permeable formations.
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7. During bottom-hole pressure rise, gas formations with higher permesability allow
higher rate of backpressure transmission from the wellbore into the gas formation
to curtail further gas inflow.

8. In agreement with the experimental results from another author, the simulation
results from this study showed that there is continuous bottom-hole pressure rise
from shut-in to pressure stabilization. Existing approaches, otherwise, have
indicated initial sharp drop in bottom-hole pressure immediately at shut-in. Such
drop in the initia bottom-hole pressure has been simulated to be due to the
reduced annular fluid density by the presence of the gas in the wellbore liquid
system.

9. Small gas density variation during pressure build-up inside a shut-in wellbore, as
always practically assumed, has been theoretically proven. However, such small
gas density variation that is practically considered non-influential to wellbore
pressure build-up has been shown to single-handedly generate considerable

bottom-hole pressure build-up.

6.2 Recommendation

Numerical approach for adopting an approximate expression for the
dimensionless pseudo-pressure transformation term for analytical procedures is
required if analysis at partial penetration depth controlled by hemispherical flow is

desired.
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NOMENCLATURE

A = Arbitrary constant

A = Total crossectional area across the tri-cone bit nozzles, in?
B = Arbitrary constant

BOP = Blow-Out-Preventer

By = Gas Formation Volume Factor, FVF, cu ft/SCF, bbls/SCF
Cq = Reservoir or formation gas compressibility, psi™

Cq = Nozzle discharge coefficient, constant = 0.95

d = Pipe or collar inside diameter, in

dpit = Bit diameter, in

dnz123 = Diameter of the bit nozzle 1, 2, and 3, in

dy = Hydraulic diameter of the reservair, ft

do = Orifice diameter, in

dpp = Bubble diameter, ft

D = Gas supply opening, i.e Orifice diameter, cm

Dph = Vertical depth of wellbore, ft

D p = Average sand particle or grain diameter, ft

Fsr = Downward or opposing force on the bubble devel opment due to the

surface tension of the drilling fluid, Ibx

Fiis = Viscous force, |by

F = Inertiaforce, Iby
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Fee = Buoyancy force, Ibx

g = Acceleration due to gravity, constant = 32.174 ft/sec?

G = Discharge constant for the gas supply opening, i.e. Orifice
h = Formation interval or height drilled, ft

hy = Length of the gaskick, ft

hy = Vertical depth of the entire wellbore, ft

Kk = Formation permesbility, md

Lap, L = Vertical Length of drill pipes, ft

Lgc, L = Vertica Length of drill collars, ft

LHS = Left-Hand-Side of an expression

M = Virtua mass, Ib

NRre = Reynolds Number, dimensionless

pPg = pounds per gals

Pres = Formation or reservoir pressure, psi

Poh = Tota Bottom hole pressure opposing bubble formation, psi
Pab = Bottom-hole circulating pressure from the nozzle jetting action, psia
Po = Dimensionless Wellbore or Bottomhole pressure parameter
Phyd = Hydrostatic pressure of drilling fluid, psi

Ptrac = Formation fracture pressure, psi

Pob = Overburden pressure, psi

dg = Formation gas flow rate, scf/D, cuft
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q = Drilling fluid flow rate, constant, gal/min (gpm)

' = Expanding radius of the forming bubble, ft

'H = Hydraulic radius of the reservoir, ft

o = radius of the orifice opening, cm

Mw = WEell bore bottom hole radius, ft

R = Dynamic combined modulus, psi

RHS = Right-Hand-Side of an expression

ROP = Rate of penetration, ft/hr

SIDPP = Shut-in Drill Pipe Pressure after pressure stabilization at the surface,
ps

t = Timerequired to drill aninterval of aformation, hr

ty = Bubble expansion time, hr

tp = Dimensionless time parameter

Toh = Bottom hole temperature, °R

Vg = Bubble Volume at equalization of forces, cu ft

Zy = Reservoir or formation gas compressibility factor,

Greek Symbols

Vs = Sonic or Seismic velocity, ft/s

Vs, max = Sonic velocity at the onset of unloading effect, ft/s

oy = Matrix effective vertical stress, psi

Oy, max = Matrix effective stress at the onset of unloading effect, ps
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Hps My = Drilling fluid plastic or liquid viscosity, cp

folle = Bottom hole circulating mud density, ppg

Ve = Average drilling fluid velocity through the drill collars, ft/sec

£ = Drilling fluid or mud or liquid density, Ib./ft*, ppg

Pg = Gas density, constant, |by/ft3, ppg

Pk = Density of the gaskick, ppg

Ap = P~ Pg- PP

PIN = Mud density equivaent of the normal pore pressure gradient at that
depth,

o = Surface tension of the drilling fluid, [by/ft

Hg = gas viscosity, cp

Ag = annular gas volumetric fraction

P = Formation porosity, fraction

APpump = Discharge pressure differential from the surface mud pump, psi

Subscripts

B = Bubble status at the equalization of forces

Db = Bubble status at detachment, after forces equalization

wb = conditions at the exit of the bit nozzles downhole

spg = surface pit gain

res = reservoir conditions

fl = fluid

179



= A Numeric that signifies stage 1 of gasinflow

= A Numeric that signifies stage 2 of gasinflow
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Al Radial-Cylindrical Differential Flow Equation
Assume a reservoir elemental volume between radius r and r+Ar from the center of

the wellbore of formation height of h ft as shown in the figure bel ow.**?

—
/ (AP)r+ar

r r+ Ar

Fig. A1 — Schematic of radial flow of fluid

The mass balance of the gas entering and leaving the elemental volume is given as

follows:
Mass entering Massleaving Rateat which mass
thee ementd - thee ementd = accumulatesinthe | ... Al
volume volume elementa volume

At At

Asindicated in the figure,

(6Bp)..,, - (aBp), =Rateof fluid accumulation during timeinterval At ... A2
Where, the flow rate, g, is defined in SCF/day, B is the formation volume factor in
bbl/SCF, and p is the density of the gas.

The rate of fluid accumulation is obtained by expressing the bulk volume of the

element as:
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V,, = z(r + Ar)*h—arh ... A3
Expansion of Eqg. A3 gives the following:
V,, = 7zh(r2 +2rAr + (Ar)z)—zzrzh
If Ar® is taken to be negligible compared to the remaining terms, the following
expression is obtained for the bulk volume of the element.
V. = 2arArh
The pore volume in which the fluid is retained is expressed as:
Vg = 2arArhg
And the mass of the fluid in the pore spacesis given as:
Massof fluid= pV 4 = 2arArhpg
Therefore, the rate of fluid accumulation in the element during the time interval At is

given asfollows:

27errh[(¢P)t+m - (¢p)t] ... A4
At

Rate of massaccumulation =

The mass entering the elemental volume at velocity, v, in bbl/(day-ft?) through the
cylindrical surface area of 2z(r + Ar)h within the time interval, At, hours, is given
as:

(9Bp)..... = (27n(r +Ar)(5.615/ 24)pv)).... ... A5

And the mass leaving the elemental volume within the interval time, At, hours, is
given as.

(gBp). = (27hr((5.615/ 24)pv)), ... A6

Substituting equations 4 through 6 into Eq. A2 results to the following:
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220(0.238)((r + ar)po),... —r(pw),] = ZHAPE)es ~ (p0)] A7

At

Dividing through both sides of the Eq. A7 by 2zrArh and taken the limit as each term

Ar and At approaches zero, we have:

(O 234) [(r,OU)HAr — (r,OU)r j_'_l(pu) — [(p )t+At — (p¢)t] A8

' Ar r At

0 1 0

2349 Z(pv)=< LA
0234—-(pv)+=(pv) = (og) 9
Equation A9 can be written as:
0.234 0 _0

= (rpv)=—(o9) - A0
Darcy’ s equation for laminar flow is defined as:
L= —0.001127%% . A1l

Where,

v - the apparent velocity, bbls/(day-ft?)

k - permeability, md
VI - fluid viscosity, cp
p - pressure, psia

The negative sign signifies that the pressure drop is taken in the same direction of
increasing radius. However, in the reservoir, and as indicated in the above figure,
since the flow of fluid is towards the wellbore, the pressure drop is taken in the
direction of decreasing radius from the center of the wellbore. Hence, the negative

sign can be dropped. Therefore, combining equations A10 and A11, we have:
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0.0002637 © k op
_ ... A12
r or ('Or 7] 8rj ot (p¢)

The RHS term of equation A12 can be expanded as follows:

¢

0 _
2 (og)=p 2+ -+ AT3

By applying Chain rule of differentiation to the first differential term in equation A13,

we have:

Y.2%%2 . Al4

The formation compressibility is expressed as follows":

c, =199 ... A15

¢ op
Combining equations A14 and A15 result in the following expression:

P _

- f¢ ... A16

Substituting equation A16 into A13 results to:
0 op . ,0p
— = —+¢p— .. Al7
S PP)=peid o
Equation A17 is substituted into equation A12 to give:

0.0002637 & LS kop_ = o, 8D+¢ ... A18
r or U or

Equation A18 is the genera partial differential equation used to describe radia flow
of any fluid in porous media under laminar flow. It is recognized that the pressure
gradient of gas increases at the wellbore due to the expansion of the gas at the lower
wellbore pressure, and thus higher velocity. This should create turbulence flow at the

wellbore. Such near-wellbore turbulence gas flow can be attributed to excessive drop
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in pressure at the wellbore, which can easily be achieved if the wellbore is full of gas
and the well is produced at the surface under Absolute Open Flow (AOF).

However, during underbalanced drilling, flow of gas into the wellbore is
minimized to reduce the rate of gas flaring at the surface. This implies that the gas
flow into the wellbore is controlled by the surface annular choke and the bottom-hole
circulating pressure during drilling. All these means of control reduce the pressure
gradient at the wellbore, and thus minimize any turbulence flow of gas a the
wellbore. Moreover, this study incorporates some other forces at the bottom-hole
(viscous, surface tension and inertia forces) that further control the flow of gas into
the wellbore. Hence, any turbulent flow that may occur during underbalanced drilling
is assumed negligible in this study. That is why equation A18 is considered

appropriate for this study.

Diffusivity equation of compressible fluid under transient flow regime

The real gas equation and the gas compressibility expression are respectively given

as:

pV = znRT ... A19
c =1 1oz ... A20
° p zdp

Equation A19 can be written in terms of gas density as.

=— .. A21

p - gas pressure, psia
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z - gas deviation factor

R - universal gas constant,

n - number of moles of the gas
M - gasmass, Ib

T - gas temperature, °R

Differentiating the gas density with respect to variablet gives:

Differentiating equation A21 with respect to pressure, p, gives:

6_p:£+m( L az]

op ZRT RT\ Z2op

Substituting equation A20 into equation A23 gives.

8_p:ﬂ l+£ C _1 :MCgp
op RT|z z° p ZRT

Equation A22 now becomes:

ot ZRT ot

Substituting equations A21 and A25 into equation D18 gives:

0.0002637 & ( Mk op ) _ ¢C ap pMc, PMe, jap op
r or\ zZRT  u or zRT ! ZRT 7 ot

Re-arranging equation A26 |leads to:

10(, pop)___#p o
ror\ pzor ~ 0.0002637Zk ot

Where ¢, =c, +c, for single phase gas saturated reservoir.

Ct - the total compressibility of the system
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Due to the large compressibility of the gas compared to the formation
compressibility, ¢; = cq.
To solve equation A27 for the gas pressure, the following transformation was

introduced by Al-Hussainy et a***

p
v, =2 Ldp .. A28
prlLIZ

Where v, isthe gas pseudopressure.

Differentiating equation A28 with respect to variable p gives:

0
Yo _2p .. A29
op Mz
Applying Chain rule of differentiation to equation A29 gives.
0 0
or op or
Substitution of equation A29 into equation A30, re-arranging leads to:
0
P2V .. A3l

o 2p or

The gas pseudopressure is again differentiated with respect to variable t and the Chain

rule of applied as follows:
L e ... A32

Substituting equation A29 into equation A32 leads to the following expression:

P _ 2o, A33
ot 2p ot

Equations A31 and A33 are substituted into equation A27 to give:
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5 0
o e S . A34
rorl ar ) 0.0002637k ot

Expanding equation A34 leads to:

oy, +Eal//p _ e oy, A35

or®> r or  0.0002637 ot

Equation A35 is the diffusivity equation for compressible flow inside porous media.
Although it looks linear in appearance, it is actually non-linear because of the
inherent gas viscosity and gas deviation factor that are still dependent on the pressure.
The pressure transformation using the gas pseudopressure expression just simplified
the diffusivity equation in order to by-pass the assumption of negligible pressure
gradient at the wellbore. It is generally believed that assuming negligible pressure
drop for gas flow into a predominant gas well is inappropriate because pressure will
surely drop at the well as production continues.

Therefore, unsteady-state flow isinevitable for gas flow inside a gas reservair.
In order to achieve steady state gas flow, there should be a constraint to excessive
pressure drop at the wellbore or a flow across the boundary at the same rate at which

gasin produced at the wellbore.***

Steady stateradial transient flow equation

In order to generalize the radial flow of gas into a wellbore at different
wellbore pressure that leads to different pressure gradient and thus, different flow
conditions, the gas flow rate into the wellbore is considered at the standard condition,

which is similar for every gas production from any gas reservoir.*®
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Therefore, expressing the gas flow rate in standard cubic feet per day
(MSCF/d), and considering the same n moles of gas under the prevailing reservoir
conditions and at the surface conditions, the rea gas equations at these two different

conditions can be equated as follows:

T&: ZI’TT
Where,

p, - Standard pressure conditions, 14.67 psia

q - gasflow rate at standard conditions, MSCF/d

T, - standard temperature condition, 60°F = 520°R

p, - average reservoir gas pressure, psia

q, - gas flow rate from the reservoir into the wellbore, SCF/d
T, - bottom-hole temperature, °R

z, - gas deviation factor under reservoir conditions

Re-arranging equation A36 and converting the gas flow rate into the wellbore into
barrels per day to conform to the unit of gas velocity as expressed in equation All,
the following is obtained:

q.B, = 0.02827qT, z, A37
5.615p,

Equating equations A11 and A37 and removing the subscript r since we are dealing

with only reservoir condition results to:

0.0080344TZ _ y 1111, K dP ... A38
(22rh)p M ar
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Using the pseudopressure transformation introduced by Al-Hussainy et a™**

expressed in equations A28 through A31, equation A38 can be re-written as follows:

0.005034qT _1dy,

== .. A39
(22rh)(0.001127)k 2 dr
Definite integration of both sides of equation A39 is asfollows:
re Vi
0.005034qT d _1 dyp ALO
(2zh)0.001127)k J r 2
rw Y bhf
Evaluation of equation A40 gives.
0.712qT | fre/ Y_ ¥ pi ~¥bh
- |n(%w)_T .. A4l
Equation A41 becomes:
khly i —
_ Ml i —yen) . A42

~14247infre )

In accordance with the approach by Al-Hussainy et a***, a dimensionless read gas

pseudopressure can be expressed as:

Ky pi —wp)
WD(rD,tD)—W ... Ad3
Where,
o= .. Ad4
M'w
kt

tp = ... Ad5
¢ g irW

Equation A43 indicates that the dimensionless gas pseudopressure is directly

proportional to the drop in the pseudopressures, which analogous to the flow of
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dlightly compressible fluid. However, in equation A45, the product of the gas
viscosity and the gas compressibility must be evaluated at the initial conditions of the
gas reservoir.

Therefore, replacing the pseudopressure differentia terms in equation A35

with the dimensionless pseudopressure terms leads to:

2
0 Vo + 1 %b _%vD .. A6
6rD D 8rD 8tD

Again, equation A46 is similar to the differential expression for flow of dlightly
compressible fluid inside porous media under unsteady state conditions. Equation
A46 was solved by Al-Hussainy et a™** using finite difference approach with one
initial and two boundary conditions.

The initial condition at t = 0, the pressure everywhere in the system is the
initial reservoir pressure.
That is,

wpltp =0)=0 .. A47
The first boundary condition is that, at the wellbore constant gas mass flux is
achieved at every time by imposing constant pressure drop at the bottom hole during
underbalanced drilling operation.
That is,

pU = q_Bp S 0.0011275(@j ... A48
A ZRT M\ O ) —pw

Substituting equation A31 into equation A48 converts the pressure differential term to

the pseudopressure differential term as follows:
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pu=q—Bp=0.001127kﬂ-(a‘”Dj ... A49
A 2RT or )y

The second boundary condition is obtained by considering the gas reservoir asinfinite
actinginsize. That is,
WD(r:oo):O ... AS0
Due to the non-linearity of the resulting diffusivity equation for the
compressible fluid, Al-Hussainy et a*** numerically solved this diffusivity equation
and compared results with the dimensionless pressure solution obtained for the flow
of dlightly compressible fluid. These authors stated that the dimensionless real gas
pseudopressure drop, wp (rD ,tD) is similar to the dimensionless pressure
dropyp (rp,tp ), for a gas reservoir producing at constant flow rate at short time of
production without the influence of the outer boundary of the reservoir. That is,
At tp <(tp) pss» ¥nto) = Po(to)
That is, equation D43 becomes:

khly pi —¥bh )
1.4244T

wp(rp.tp)=pp(rp.tp)= .. A51

Al-Hussainy and Ramey'® approximated the expression for the dimensionless
pressure as follows:
1 101
pp (tp) = =[Intp +0.80907], for 100 <ty <= -& ... AB2
2 4\ ry,
Since, the production from a gas reservoir during underbalanced drilling is for a short

time, and noting in equation A52 the time limit for infinitely acting reservoir
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considered in this study, these approximations were considered adequate for this
study.

The pseudopressure terms in equation A51 was approximated to ther
respective squared-pressure terms because the difference between the wellbore and
the reservoir pressure is generaly less than 2000 psi during any underbalanced
drilling. Therefore, the following were obtained by applying the pseudopressure
transformation presented by Al-Hussainy et a***.

Choosing an arbitrary base pressure™, py,, of difference less 2000 psi from

the average or initial reservoir pressure and the wellbore pressure, the following is

obtained by relating this base pressure to the reservoir pressure:
Pi
— P
wi = Zj—dp ... A53
zu
Po

Since the difference between the P, and P, is assumed to be less than 2000 psi, the
product of the viscosity-deviation factor for these two pressures is assumed constant.
By integrating equation A53, the following is obtai ned.

o IOiZ— Dg
| EZJ

.. A%
Similar procedures are conducted for the wellbore or bottom-hole pressure to arrive
at:

2 2
_ Poh — Py

1 .. A55
zu

Yt

Subtracting equation A55 from equation A54 leads to:
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pi2 - péh

__ .. A56
zu

Vi—Vw =

If the flow rate is expressed in Mcuft/hr, and equation A56 is substituted into
eguation A51 we have:

_ kh(pi2 ~ Phi )Bg

= .. A57
34176 ZT upp

Where,

By - the gas formation volume factor, cuft/scf

Modeling Considerationsfor the assumed Radial-Cylindrical Gas I nflow

As previously expressed, maintenance of constant pressure difference between
the reservoir pressure and the bottomhole pressure created by the underbalanced
drilling is crucia during the drilling operation. Included in equation A57 is the
surface tension effect in the term for the total bottom-hole pressure imposed on the
gas bubble. This inclusion seems to alter the difference in the squared-pressure terms
from constancy because of the varying bubble size, but it is actualy not since the
surface tension is negligible. However, the term is included for completeness.
Therefore, in accordance with the requirement of constant pressure difference (drop)
during underbalanced drilling, the pressure difference in equation A57 is
approximately constant.

Another consideration is the solution for the transient flow period in solving
for the dimensionless pseudopressure. The corresponding dimensionless pressure
term, Pp, in equation A57 is evaluated as a constant value because of the condition of

a constant rate of penetration of the bit. This requires that the drill time for any
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additionally drilled 1 inch of the interval be constant. For example, if the rate of
penetration (ROP) is 30ft/hr, the corresponding drill time for 1 inch is 10 seconds
(0.0027778 hr). This drill time in hours is substituted into the tp expression that is
used to evauate the Pp expression. When additional 1 inch of interva is drilled
during the next 10 seconds, a total formation interval of 2 inches would have been
exposed. However, the total gas volume inflow into the wellbore at the end of drilling
this additional 1 inch is for the period of 10 sec (0.002778 hr). This sequence

continues for every additional 1 inch.
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A2. Radial-Spherical Diffusivity Flow Equation

Spherical flow of fluids inside a reservoir has been considered to occur when a
“spherical wellbore exists as a point sink within amassive reservoir. A specia case of
spherical flow is the “hemispherical” flow geometry "33 140 These flow
geometries are used to explain some pressure transient behaviors that are noticed on
log-log plots of pressure derivatives.

Chatas'®" defined a spherical reservoir system existing at any instant of time
as a system of two concentric hemispheres having their physical properties of interest
varying along the radial distance only. A hemispherical flow of fluid is considered for
anaysis when awell partially penetrate a massive reservoir, whereas a spherical flow
anaysis is conducted when relatively small perforation interva is situated in the
middle of a massive reservoirs. Since this study involves a partially penetrated well
into gas reservoirs, a schematic diagram of hemispherical flow are presented in figure

A2.

l | well

Fig. A2 — Reservoir cross section illustrating hemispherical fluid flow towards a
partialy penetrated well in a massive reservoir
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Flow of fluids in a homogeneous and isotropic spherica geometry is generaly

represented as.

2
ii(rzagj+ 1 i(gngagj+i 1 070 _gue 00 A58
r2 or or ) rsing 00 96) r?d€n?0 op? k ot

The fluid potential @ is represented as:
b = p - 0z ... AS9
Where,

r, 0, ¢ - spherical coordinates

p - fluid pressure, atm

P - fluid density, g/cc

g - gravitational force, cm/sec?
y4 - vertical direction, cm

Considering the fact that geologic sands are laid down with sizable horizontal

permeability and some vertical permeability, flow in the angular directions can be

assumed negligible. Hence, the differentia terms aa% and Zi) are neglected.
¢

Therefore, fluid flow in solely radial direction in a spherical geometry is represented

as.
ii(rzagj:%ag __AB0
r2or or k ot

Assuming that the hydraulic or gravitational force of the driving force is negligible

compared to the pressure gradient. Then, equation D60 becomes:**®

iﬁ[ﬂ@j:%@ __A61
rzar or k ot
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Equation A61 is typicaly applied for analyzing liquid flow in spherical geometry.**®
For the flow of real gases, equation A61 can be transformed into a similar expression
derived for the radia-cylindrical flow geometry. Therefore, equation A61 is written

for real gasflow as:

r2 or Lz or & ot

For real gases, introduction of the pseudopressure transformation,y ,, as given by

Al-Hussainy et a**, into equation A62 |eads to:

0 0
1 0[,2%p|_dHe OV ... AB3
r2 or or k ot

Expanding equation A63, we have:

62'/’lo +§a'/’p _ i OV p

.. Ab4
or2 r oor k ot

As presented for the radia-cylindrical geometry, equation A64 is not a linear
differential equation as it seems. Therefore, a similar numerical evaluation is required
to be able to relate the corresponding dimensionless pseudopressure to the readily
available solution of dimensionless pressure expressions for the flow of dightly

compressible liquid.

Steady State Equation for Hemispherical Flow for Compressible Fluids

The surface area of a hemisphereis given as:

Agp =2mr? .. AB5
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Where r is the radia distance in the spherical or hemispherical geometry, which is
different from the actual wellbore radius.*****>%371%0 As expressed for the radial-
cylindrical flow geometry under equation A37,

~0.02827qT, z,

.. A37
4% = 5615 D,

Equating equation A37 to the Darcy’s equation, dropping the subscript r, and
substituting equation A65, we have:

0.005034qTZ _ 011157 K dP ... A6B

2112 |p par
Again, the negative sign in the Darcy’s equation has been dropped for the same
reason as stated while deriving the equation for the radial-cylindrical flow geometry.
Replacing the pressure gradient term in equation A66 by the pseudopressure term, we

have:

0.711qT _10¥p

.. A67
kr 2 2 or

Integrating equation A67, we have

re Vi
0.711qT | dr _1

k ,[ 2 2 ,[ vp

Fsp Yp
Equation A68 becomes:
142497 1 1 |_

P e

Re-arranging equation A69 leads to:
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Ky pi —vp)

1aar| L1
rsp e

By taking an arbitrary base pressure*** having a pressure difference less than 2000 psi

.. A70

q:

with both the average or initial reservoir pressure and the wellbore pressure, we have:

2 2
q= {p? - p?] . AT1
1.424T(1_1j

Equation A71 is the same as presented by Slider™*®, and by Chaudhry et a** through
the application of Forchheimier equation with turbulent effects. As presented by
Chaudhry et al**, the effect of turbulence on pressure drop decreases with increase in
the shot density. Since this study considers gas flow into an open-hole, the effect of
turbulence on pressure drop can be assumed minimal.

138

In accordance with Joseph and Koederitz™", the following dimensionless

groups can be defined to numerically solve the radia-hemispherical diffusivity in

eguation A64.
LA A7
P 1.424qT
kr2t
ty, = o r=rg ... A73
gLer
r
rpb =1-—; rxry ... A74

Since there is nothing as spherically drilled wellbore, the spherical radius r, is related

to the radius of acylindrically drilled wellbore as:**
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(2arh+ 22)= 22 .. AT5

The spherical radius can then be obtained in terms of the actual wellbore radius, r, as:

2
(= /2hf2+f ... A76

Where,

r - radius of the cylindrically drilled wellbore, ft

h - drilled formation height, ft

M odeling Consider ations

As stated by all authors™***137140 the gpplication of hemispherical flow to
partially penetrated is considered when the partially penetrated well is situated in
massive reservoirs. The massiveness of the reservoirs could be a characteristic of oil
reservoirs. However, most gas reservoirs, which are the focus for this study, are
relatively thinner in productive interval. Therefore, application of transient radial flow
has consistently be applied to the gas inflow into the wellbore for gas.>>®*

Another consideration, as analyzed by the authors 134135137140

, Isin relating
the depth of the partialy penetrated well to the entire formation interval during
analysis. Unfortunately, the actual interval of the producing formation is not known
until the formation is completely drilled. Since, this study considered partia well
penetration and the entire height of the producing formation is not certain, the best

approximation is to consider radial flow throughout the portions of the formation

drilled. As discussed in the ssmulation results, the transition depth above which the

214



spherical (or hemispherical flow) should be applied becomes apparent. However,
such transition depth is not known a priori unless it is first assumed that the gas

inflow into the wellbore during underbalanced drilling is radial-transient flow.
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AS. Derivation of Viscous Drag Forces

There are two basic types of viscous forces. These are the pressure or form
drag and the friction drag forces. The form viscous force is referenced to the
maximum cross-sectional area of a sphere perpendicular to the growth direction of the
bubble, while the friction drag is referenced to the surface area of a sphere. The
friction drag is more applicable when the sphere is moving.*** The general expression

for adrag forceis given as:**
pv?
Fp =Cp| 72— |A .. ATT

Where Cp, isthe laminar drag coefficient given as:

Cp =— .. A78

Ng = 2PV .. D79
U
Substituting equations A78 and A79 into equation A77 gives:
FD=¥%§ .. A8O

The form viscous force is obtained by substituting parameter A in equation A80 with

2
the maximum cross sectional area of asphere, A= % to get:

Fp = 3nuuD =6xuur ... A81
The expression friction drag is obtained by substituting the parameter A in equation

A80 with the surface area of asphere, A= 7D % to give:

216



Fo =127uuD = 24zuu v ... A82

Equation A81 which is generaly referred to as the Stoke's law had been
considered for modeling in this study rather than the friction viscous force since there
is an opposing pressure to the bubble growth which acts on the maximum cross

sectional area of the growing bubble perpendicularly.
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B1.

COMPUTER PROGRAM INTERFACE FORMSFOR

COMPUTATIONS

= Drilling Tools® Data

Bottom Hole Assembly Data

Riser 1D, in

—
—

Cazing 1DV, in

Dril Fipe 0D, in [
Ciril Pipe D, in 441
Diill Collar 0D, in FE
Crill Callar 1D, in 28

Bit Size, in

13.8?5

MNaozzle Sizes, [/32 in)

Surface Equipment Diata

Max. Surface Pump Horse Power, hp 11 0oo
18.5

400

Pumnp Liner Size, ins

Desired Diiling Fluid Flow R ate, gal/min

Crrilling Fluid Properties
Cirilling Fluid Density, ppg

Crrilling Fluid P, cF
Drrilling Fluid P, 16fA1 002

Crrilling Fluid Surface Tension. IbFAft

Farmation Properties

Farmation Pressure, psi

= Drilling Fluid and Formation Properties

Forration Permeability. rmd 200
Formation Porosity, fraction 0.3

Eraze Entries

Rizer Length, ft

11 0oo
]4DDD
15000

450

—

Mud Line to last Cazing Shoe
Depth, ft

Length of Open Hole Section, it
Diill Collar Length, ft

Choke Line 1D, in

(2 1z [z |

Purnp kax. Flow Rate, gal/min

Purmp Max. Dizcharge Pressure, psi

]2835
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~ Temperature Data

— Drrilling O peration -

[rilling Fluid Flow R ate, gpm

R ate of Penetration, fthr

Surface Temperature, oF

Bottam Hole Temperature, oF

- . . —Formation Fluid [Gas] Properties

Gaz Gravity, 5.G

Gaz Yizcosity, o

Gas Constant, pzi.cuft/[mole.oR]

Gas Pseudo-Critical Preszure, psi

Gaz Peeudo-Critical Temperature, of

Gaz Compreszibility Factor [£], pai-1

3538

0.975

Slope dZ/dP & Faormation Pressure, psi-1 - [0 0000727

R ate of Caszing Pressure
Rize Diuring Shut-in

Dizplay Bheology Resuls

wm. Computed Rheology Results

i— Drrilling Fluid Input Drata -
Drrilling Fluid Density, ppg

Drrilling Fluid P, cp

Drrillimg Fluid 'F. IbFA100 =q. ft

— Computed Bheology
Crrilling Fluid &% [for DP), cp

Crrilling Fluid &% [for DC). cp
Drrillimg Fluid &% [ nozzle exit], cp
Revnold Mumber [Inside DF]
Reynold Murber [Inzide DC)

Revnold Mumber 22 Mozzle Exits

EERT
ETE
[2508
EE
[HoEez
[azg45

— In=zide Drill String Pressure Lozzes

Friction Prezzure in DP. p=i

Friction Prezzure in DC. p=i

— Drrilling Fluid Pressures

Flowing Baottom-Hole Preszure, pzi

Hydroztatic Pressure, psi

E =it Program ‘

4333
4295

Continue

Back
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B2. COMPUTER PROGRAMMING CODES

'‘Programmer . O. Jacob Aremu

'Description @ This program models the size variations of gas bubbles at the

' wellbore-sand face contact for gas inflow during drilling
operations, and wellbore pressure build-up computations

'Date : May, 2005

'Purpose : Asapartia fulfillment of the degree of PhD at the Mewbourne

' School of Petroleum and Geological Engineering

Option Explicit

Dim tD As Double, PD1 As Double, PD As Double, Y As Double, gasFloRat As
Double, A AsDouble, B AsDouble

Dim omega As Double, sip As Double, romanG As Double, diff As Double, romanh
As Double, linerFact As Double

Dim pitVolincres As Double, denConst As Double, counter As Integer, i As Integer, j
As Integer

Dim error As Double, x As Double, ssim_error(120) As Double, numlter(120) As
Double, bubblncre As Double

Dim TimCompClos As Double, piC As Double, deltSC As Double, Jc As Double,
Yint As Double

Dim tDs As Double, PDs As Double, Ic As Double, shutinTime As Double, FormFt
AsDouble

Dim totGasVol As Double, SeriesConstC As Double, JcArgC As Double, nc As
Integer

Dim SeriesSumC As Double, SeriesTermC As Double, m As Integer, facto As
Double

Dim tanz As Double, atanh As Double, SeriesConstT As Double, JcArgT As Double,
nt As Integer

Dim SeriesSumT As Double, SeriesTermT As Double, deltST As Double, Arg As
Double

Dim LstSeriTermC As Double, LstSeriTermT(1 To 2880) As Double, timCount As
Integer

Dim Press(1 To 2880) As Double, tanh(1 To 2880) As Double, shinGasFlo(1 To
2880) As Double

Dim P_DConst As Double, shinGasDen(1 To 2880) As Double, CsgPress(1 To 2880)
AsDouble

Dim gasFrac As Double, annVol As Double, CsgPressC As Double, shinGasDenC
AsDouble

Dim riserID As Double, casinglD As Double, DpOD As Double, DplD As Double,
DcOD AsDouble
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Dim DpOpHol As Double, annFIDen As Double, gasDenP As Double, gasMass As
Double, ExpGasVol As Double

Dim DclID As Double, bitDia As Double, bitNoz(2) As Double, nozArea As Double,
totDepth As Double

Dim pumpMaxFloRat As Double, pumpMaxPress As Double, check As Double, prod
AsDouble

Dim nozDisCoef As Double, chokelD As Double, surfPumpMaxHp As Double,
riserDep As Double

Dim casMudLnDep As Double, openHolInt As Double, DcLen As Double, drillTime
AsDouble

Dim rw As Double, rop As Double, gasVis As Double, gasGrav As Double, gasConst
AsDouble

Dim gasPcP As Double, gasPcT As Double, gasPrP As Double, gasPrT As Double, Z
AsDouble

Dim gasDen As Double, gasComp As Double, gasFVF As Double, ZPslope As
Double, totFricPress As Double

Dim mudFoRat As Double, surfPumpPres As Double, mudDen As Double, mudPV
AsDouble

Dim mudYP As Double, mudAV As Double, mudSurfTen As Double, DpVe As
Double, DpLen As Double

Dim DcVe As Double, nozVel As Double, DpRe As Double, DcRe As Double,
nozRe As Double

Dim DpFricPress As Double, DcFricPress As Double, flowBHP As Double,
mudHydPress As Double

Dim formPress As Double, formPerm As Double, formPoro As Double, bhTemp As
Double

Dim h(120) As Double, surfTemp As Double, bubbleVol(120) As Double,
bubbleSize(120) As Double

' This section computes the variations in the bubble size that while the drilling
' proceeds. That is, gasinflux has not been noticed. It is assummed that about
' 5 feet of the formation has been drilled before suspecting influx.

Private Sub cmdDrillgasSize Click()

Dim gasFloRatNum As Double, gasFloRatDen As Double

rop = Va (txtROP.Text)
drillTime=(1/12) / rop 'Same Drill Time, hours

For counter =0 To 60

If counter = 0 Then
h(counter) =0
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" Assigning value zero (0) to bubble size if the height, h, into the formation is zero

bubbleV ol (counter) = 0
bubbleSize(counter) = 0
Else

h(counter) = h(counter - 1) + (1/ 12)

'Importing inputs from other Forms and assigning the inputs to
'variables

formPoro = Val (frmMudFormPpties.txtFormPoro. Text)
formPerm = Val (frmM udFormPpties.txtFormPerm.Text)
formPress = Val (frmM udFormPpti es.txtFormPress. Text)

rw = Va (frmDrill ToolsData.txtBitSize. Text) / 24

mudDen = Val (frmMudFormPpties.txtMudDen.Text)

riserDep = Va (frmDrill ToolsData.txtRiserLength. Text)
casMudLnDep = Va (frmDrill ToolsData.txtMudLnCasDep. Text)
openHolInt = Va (frmDrill ToolsData.txtOpenHol Len. Text)
surfPumpMaxHp = Val (frmDrill Tool sData.txtPumpMaxHp. Text)
pumpMaxPress = Va (frmDrill Tool sData.txtPumpMaxDischargePress. Text)
DpID = Va(frmDrill ToolsData.txtDplD.Text)

DpOD = Va (frmDrill ToolsData.txtDpOD.Text)

DcID = Va(frmDrill ToolsData.txtDclD.Text)

DcOD = Va(frmDrill ToolsData.txtDcOD. Text)

mudPV = Va (frmMudFormPpties.txtMudPV . Text)

mudSurfTen = Val (frmMudFormPpties.txtMudSurf Ten. Text)
DcLen = Va(frmDrill ToolsData.txtDcLen.Text)

'Assigning inputs in the present form to variables for computation

Z = Val(txtgasCompFact.Text)

ZPslope = Val(txtSlopedZdP.Text)

gasVis = Val(txtgasVisc.Text)

mudFloRat = Val(txtMudFloRat. Text) ‘(gpm)
bhTemp = Va (txtBHTemp.Text) + 460 '0R
gasGrav = Val(txtgasSG.Text) 'S.G
gasConst = Val(txtgasConst. Text)

‘Calculating the Gas compressibility, Cg
gasComp = (1 / formPress) - (1/ Z) * ZPslope) '(psi-1)

' Calculating the Dimensionless time, tD, Pressure, PD
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tD = ((0.0002634) * formPerm * drillTime) / (formPoro * gasVis* gasComp * (rw
"2)

'PD1 = Log(tD) / 2.30258509 '‘Note the LOG in VB is Natural Logarithm
(Ln)

PD=(1/2)* (Log(tD) + (81/ 100))

" Computing the mud gjection pressure, Phit, from the bit nozzles during drilling

" calculating the surface pump discharge pressure at the current operating mud
flow rate.

pumpMaxFoRat = (1714 * surfPumpMaxHp) / pumpMaxPress
frmDrill ToolsData.txtPumpMaxFloRat. Text = Str(pumpM axFloRat)

'Since a specific pump is rated for its Max Hp, Max Flow rate and Max
discharge pressure

‘and as the flow rate through any pump increases the discahrge pressure should
increase

'too. Therefore, to approximate the discharge pressure at any flow rate, as long
as

'the flow rate and discharge pressure are not beyond the ratings of the pump,

‘a liner factor that expresses the proportionality between the parameters is
adopted.

linerFact = pumpMaxFloRat / pumpMaxPress

‘Therefore, at a desired operating mud flow rate, the corresponding pump
discharge

‘for apump of certain liner sizeis estimated as follows

surfPumpPres = mudFloRat / linerFact  '(psi)

" Calculating the mud velocities inside the Drill pipe and the Drill collars

DpVe = mudFloRat / (2.448 * (DpID ~ 2))  '(ft/sec)

DcVe = mudFloRat / (2.448 * (DcID ~ 2))  '(ft/sec)

‘Thisinitial simulation imposes turbulent flow inside the Drill String.

DcFricPress = (((mudDen ” 0.75) * (DcVe ~ 1.75) * (mudPV ” 0.25)) / (1800 *
(DcID ~ 1.25))) * DcLen

DpLen = (riserDep + casMudLnDep + openHol Int) - DcLen

DpFricPress = (((mudDen ~ 0.75) * (DpVe ” 1.75) * (mudPV " 0.25)) / (1800 *
(DpID ~ 1.25))) * DpLen

' Total frictional pressure inside the drill string follows:

224



totFricPress = DpFricPress + DcFricPress
' Calculating the total crossectional area of the bit nozzles

Fori=0To2
Ifi=0Then
bitNoz(i) = Va (frmDrill ToolsData.txtNozzlel. Text)
Elself i =1 Then
bitNoz(i) = Va (frmDrill ToolsData.txtNozzle2. Text)
Elself i =2 Then
bitNoz(i) = Va (frmDrill ToolsData.txtNozzl€3. Text)
End If

Next i

nozArea= ((22/7) 1 (64~ 2)) * ((bitNoz(0)) » 2 + (bitNoz(1)) * 2 + (bitNoz(2))
A 2)

" Assigning a constant to the nozzle discharge coefficient
nozDisCoef = 0.95

" Estimating the mud ejection pressure from the bit nozzles, at the bottom hole
during drilling

flowBHP = (0.052 * mudDen * (DpLen + DcLen)) + surfPumpPres - totFricPress -
(0.0008074 * (DcVe " 2) * mudDen) - ((0.00008311 * mudDen * (mudFloRat * 2)) /
((nozDisCoef * nozArea) " 2))

"The beginning of iterative steps that are required to estimate bubble sizes
bubbleV ol (counter) =0

x=0
diff=1
error=0
prod =1

‘A device for reducing the number of iterations as the exposed formation interval
increases
"This help to speed up the time used to obtain results

If counter =1 Then

bubblncre = 0.00000001
Elself bubbleVol(counter - 1) <1 Then
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' Re-assigning the last bubble volume calculated to another variable for
manipulation

check = bubbleV ol (counter - 1)

'Reducing the decimal places of the increment for the next iteration process
Do Whilecheck <1

check = check * 10

prod = prod * 10

Loop

bubblncre =1/ (prod * 100)

Elself bubbleVol(counter - 1) > 1 Then
bubblncre = 0.001

End If

‘Calculating the gas Formation Volume Factor, FVF

gasFVF =0.02829 * ((Z * bhTemp) / formPress) '‘Bg (Cuft/SCF)
" Evaluating the numerator expression of the gas flow rate equation

romanh = (formPerm * gasFVF) / (34176 * bhTemp * gasVis* Z)

" [teration process begins

Do While Abs(error) < Abs(diff)
diff = Abs(error)

X=x+1
bubbleV ol (counter) = bubbleV ol (counter) + bubblncre

Y =flowBHP + (((88/21) ~ (1/ 3)) * (mudSurfTen/ (72 * (bubbleVol(counter) »
(173))))

‘gasFloRatNum = (formPerm * h(counter) * ((formPress” 2) - (Y " 2)) * gasFVF)
' The gasflow rate is then estimated as follows:

gasFloRat = (formPerm * h(counter) * ((formPress * 2) - (Y ~ 2)) * gasFVF) /
(34176 * PD * bhTemp * gasVis* Z) 'cuft/hr
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" Evaluating the denominator expression of the gas flow rate equation
‘gasFloRatDen = (24 * 1424 * PD * bhTemp * gasVis* Z)
‘gasFloRat = gasFloRatNum / gasF oRatDen "(ft3/hr)
'Evaluation of the model parameters follows:

A = (formPress” 2) - (Y " 2)

B = ((mudSurfTen/72) * A * Y) - (((21/ 88) * bubbleVol(counter)) » (1/3) * (A
"2)

'romanh = (formPerm * gasFVF) / (gasFloRatDen / PD)
gasDen = (28.97 * gasGrav * formPress) / (Z * gasConst * bhTemp)
denConst = (gasDen + (((11 * 7.48) / 16) * mudDen))

omega = ((2 / 9) * ((romanh * h(counter)) / PD) » 2 * denConst * B) /
bubbleV ol (counter)

sip = ((((romanh * h(counter) * A) ~ 2) * denConst) / (36 * (22/ 7))~ (1/3))) /
(bubbleVol(counter) * (2 / 3))

romanG=3* A* ((22/ 7)™ (1/ 3)) * mudPV * (romanh * h(counter) / PD)) /
(47980.8* (6" (1/3)) * (bubbleVol(counter) ™ (1/ 3)))

‘Subtracting all the RHS expressions from the LHS expression results in the error

error = (bubbleVol(counter) * ((7.48 * mudDen) - gasDen)) - (omega + sip +
romanG + ((0.00082 * (22/ 7) * formPoro * mudSurfTen) / (3* (1 - formPoro))))

If x=1Then

diff = Abs(error) + 1
End If

Loop

End If
' Computing the bubble size or diameter

bubbleSize(counter) = (((6/ (22 / 7)) * bubbleVol(counter)) * (1/ 3)) * 12

sim_error(counter) = Abs(diff)
numiter(counter) = X
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Next counter
frmResults.Show
' Setting the format for the result table

frmResults.msgResultTable.Col Width(0) = 2000
frmResults.msgResultTable.ColWidth(1) = 2000
frmResults.msgResultTable.ColWidth(2) = 2000
frmResults.msgResultTable.ColWidth(3) = 2000
frmResults.msgResultTable.Col Width(4) = 2000

' Setting the headings

frmResults. msgResultTable.Row =0
frmResults.msgResultTable.Col =0

frmResults. msgResultTable. Text = "Height (h) Drilled"
frmResults.msgResultTable.Col =1

frmResults. msgResultTable. Text = "Bubble Volume"
frmResults. msgResultTable.Col = 2

frmResults. msgResultTable. Text = "Bubbl e size (diameter)"
frmResults. msgResultTable.Col =3

frmResults. msgResultTable. Text = "Sim. Error"
frmResults. msgResultTable.Col = 4
frmResults.msgResultTable. Text = "No of Iterations"
frmResults. msgResultTable.Row = 1

frmResults. msgResultTable.Col =0

frmResults msgResultTable. Text =" ft"
frmResults. msgResultTable.Col =1

frmResults msgResultTable. Text =" cuft "
frmResults. msgResultTable.Col = 2

frmResults. msgResultTable. Text = "inch(es)"
frmResults. msgResultTable.Col =3

frmResults msgResultTable. Text =""

frmResults. msgResultTable.Col =4

frmResults. msgResultTable. Text = "Absolute"

" Printing result table on a different form

For counter =0 To 60
j = counter + 3

frmResults. msgResultTable.Row = |

frmResults. msgResultTable.Col =0
frmResults. msgResultTable. Text = Str(Round(h(counter), 2))
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frmResults msgResultTable.Col =1

frmResults.msgResultTable. Text = Str(Round(bubbleV ol (counter), 4))
frmResults. msgResultTable.Col = 2

frmResults.msgResultTable. Text = Str(Round(bubbl eSize(counter), 2))
frmResults. msgResultTable.Col =3

frmResults. msgResultTable. Text = Str(Round(sim_error(counter), 8))
frmResults. msgResultTable.Col = 4

frmResults. msgResultTable. Text = Str(numlter(counter))

‘frmResults.picResults.Print "drill Time = "; drillTime
‘frmResults.picResults.Print "tD ="; tD
‘frmResults.picResults.Print "PD = "; PD
‘frmResults.picResults.Print"Y = "; Y
‘frmResults.picResults.Print "gasFloRat = "; gasFloRat
‘frmResults.picResults.Print "A ="; A
‘frmResults.picResults.Print "B ="; B
‘frmResults.picResults.Print "omega ="; omega
‘frmResults.picResults.Print "sip ="; sip
‘frmResults.picResults.Print "romanG ="; romanG
‘frmResults.picResults.Print "diff ="; diff
‘frmResults.picResults.Print "Bubble Size or Diameter ="; bubbleSize(counter)
‘frmResults.picResults.Print "gasComp ="; gasComp
‘frmResults.picResults.Print "FlowBhP ="; flowBHP
‘frmResults.picResults.Print "gasFVF ="; gasFVF
‘frmResults.picResults.Print "surface Pump press = "; surfPumpPres
‘frmResults.picResults.Print "Dp Vel ="; DpVed
‘frmResults.picResults.Print "Dc Vel ="; DcVe
‘frmResults.picResults.Print "Dc fric ="; DcFricPress
‘frmResults.picResults.Print "Dp Length ="; DpLen
‘frmResults.picResults.Print "Dp fric ="; DpFricPress
‘frmResults.picResults.Print "tot fric ="; totFricPress
‘frmResults.picResults.Print "Nozzle area ="; nozArea
‘frmResults.picResults.Print "Gas density ="; gasDen
‘frmResults.picResults.Print "Log(tD) ="; PD1

Next counter
' The following are the graph codes

‘frmResults.picResults.Scale (0, 0.1)-(120, 0) 'Specify coordinate system
‘frmResults.picResults.Line (-5, 0)-(100, 0) 'Draw x-axis
‘frmResults.picResults.Line (0, -1)-(0, 10)  'Draw y-axis

'For counter =0 To 120

" frmResults.picResults.PSet (h(counter), bubbleV ol (counter))

‘Next counter
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End Sub

Private Sub cmdExit_Click()
Unload frmOperatingCond

End Sub
Private Sub cmdShutinGasSize Click()
Dim gasFloRatNum As Double, gasFloRatDen As Double

'Importing inputs from other Forms and assigning the inputs to
'variables

formPoro = Val (frmMudFormPpties.txtFormPoro. Text)

formPerm = Val (frmM udFormPpties.txtFormPerm.Text)

formPress = Val (frmM udFormPpties.txtFormPress. Text)

rw = Va (frmDrill ToolsData.txtBitSize. Text) / 24

mudDen = Val (frmMudFormPpties.txtMudDen.Text)

riserDep = Va (frmDrill ToolsData.txtRiserLength. Text)

casMudLnDep = Va (frmDrill ToolsData.txtMudLnCasDep. Text)
openHolInt = Va (frmDrill ToolsData.txtOpenHol Len. Text)
surfPumpMaxHp = Val (frmDrill Tool sData.txtPumpMaxHp. Text)
pumpMaxPress = Val (frmDrill Tool sData.txtPumpMaxDischargePress. Text)
DpID = Va(frmDrill ToolsData.txtDplD.Text)

DpOD = Va (frmDrill ToolsData.txtDpOD.Text)

DcID = Va(frmDrill ToolsData.txtDclD.Text)

DcOD = Va(frmDrill ToolsData.txtDcOD. Text)

mudPV = Va (frmMudFormPpties.txtMudPV . Text)

mudSurfTen = Val (frmMudFormPpties.txtM udSurf Ten. Text)

DcLen = Va(frmDrill ToolsData.txtDcLen. Text)

bitDia= Va(frmDrillToolsData.txtBitSize. Text) 'New for this section
casinglD = Val (frmDrill ToolsData.txtCasinglD.Text) 'New for this section

'Assigning inputs in the present form to variables for computation

Z = Val(txtgasCompFact.Text)

ZPslope = Val(txtSlopedZdP.Text)

gasVis = Val(txtgasVisc.Text)

mudFloRat = Val(txtMudFloRat. Text) '(gpm)

bhTemp = Va (txtBHTemp.Text) + 460 'OR

gasGrav = Val(txtgasSG.Text) 'S.G

gasConst = Val(txtgasConst. Text)

TimCompClos = Va(txtTimeToClose.Text)  'Seconds - New for this section
FormFt = Val (txtFormint. Text) ‘feet - New for this section
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totGasVol = Va(txtTotGasVol.Text) . ‘cuft - total annular gas volume
at reservoir pressure
'Calculating the Gas compressibility, Cg
gasComp = (1 / formPress) - (1/ Z) * ZPslope) '(psi-1)
‘Calculating the gas Formation Volume Factor, FVF
gasFVF =0.02829 * ((Z * bhTemp) / formPress) 'Bg (Cuft/SCF)- Repeated
' Computing the hydrostatic pressure of the mud in the drillpipe
totDepth = riserDep + casMudLnDep + openHolInt
mudHydPress = 0.052 * mudDen * totDepth
'‘Convert the time to completely close the well into hours

TimCompClos = TimCompClos/ 3600 "Now in "HOURS"

Ic = ((0.0002634) * formPerm) / (formPoro * gasVis* gasComp * (rw * 2))
Jc = (Log(lc) +(81/100))

gasDen = (28.97 * gasGrav * formPress) / (Z * gasConst * bhTemp) 'lbm/cuft -
repeated

gasDenP = gasDen * (8.33/ 62.4) 'lbm/gal or ppg

P_DConst = (formPress - ((1 / gasComp) * Log(gasDenP))) 'Pressure-Density
constant

DpOpHol = openHolint - DcLen

annVol = (22/ (7 * 4 * 144)) * ((DcLen * (bitDia” 2 - DcOD * 2)) + (DpOpHol *
(bitDia”™ 2 - DpOD ” 2)) + (casMudLnDep * (casinglD ~ 2 - DpOD * 2)))

'Estimating the total annular gas mass just at Shut-in

gasMass = gasDen * totGasVol

'Estimating the annular average gas density just at Shut-in
shinGasDenC = Exp((mudHydPress - P_DConst) * gasComp) 'ppg

'Estimating the Expanded volume of the gasjust at Shut-in
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ExpGasVol = gasMass/ (shinGasDenC * 7.491)
gasFrac = ExpGasVol / annVol

piC = (2 * (formPerm * FormFt * gasFVF)) / (34176 * Exp(Jc) * gasComp *
ExpGasVol * bhTemp * gasVis* Z)

tD =(Ic* (1/60)) ‘Note duration of Bubble size formation is set
‘at 1 minute tally with rate of pressure buildup

PD=(1/2)* (Log(tD) + (81/100)) 'NotetheLOG inVB isNatura Logarithm
(Ln)

'‘Computing the series obtained through integration

shutInTime = TimCompClos
JcArgC = (Jc + Log(shutInTime))
nc=0 ‘Number of series terms to achieve the cut-off

Do
nc=nc+1

‘computing the factoria

m=1

facto=1

Do Whilem <=nc

facto = facto* m

m=m+1

Loop 'End of Factorial computation

SeriesTermC = (JcArgC " nc) / (nc * facto)
SeriesSumC = SeriesSumC + SeriesTermC

Loop Until SeriesTermC <= 0.001

LstSeriTermC = SeriesTermC  'Storing the value of the last seriesterm
‘for the constant of integration

deltSC = Log(JcArgC) + SeriesSumC
tanz = mudHydPress / formPress

'‘Computing approximate derived function of ArcTangent
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atanh = Log((1 + tanz) / (1 - tanz)) / 2

Yint = ((1/ formPress) * atanh) - (piC * deltSC) ‘A Constant for the remaining
computations

'‘Computing the Constant of integration for the Casing Pressure
'Use the reservoir pressure and gas density at that condition

annF Den = ((shinGasDenC * gasFrac) + (mudDen * (1 - gasFrac)))

CsgPressC = (mudHydPress - (0.052 * annFIDen * (casMudLnDep +
openHolint)))

'‘Computing the pressure buildup

nt=0
timCount =0
Do
timCount = timCount + 1
If timCount =1 Then
shutinTime = ((1 / 60) - shutinTime)
Else
shutinTime=timCount /60  'Shut-in time in hours
End If

JcArgT = (Jc + Log(shutInTime))
nt=0 'Number of seriesterms to achieve the cut-off

Do
nt=nt+1

‘computing the factoria
m=1
facto=1

Do Whilem <=nt

facto = facto* m

m=m+1

Loop 'End of Factorial computation

SeriesTermT = (JcArgT ~ nt) / (nt * facto)
SeriesSumT = SeriesSumT + SeriesTermT
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Loop Until SeriesTermT <= 0.001 'Ending the each term computation and
total summation

LstSeriTermT (timCount) = SeriesTermT 'Storing the value of the last series
term
‘for the constant of integration
deltST = Log(JcArgT) + SeriesSumT

Arg = (formPress * ((piC * deltST) + Yint)) '‘Argument term for the pressure
computation

tanh(timCount) = (Exp(Arg) - Exp(-1 * Arg)) / (Exp(Arg) + Exp(-1* Arg))
Press(timCount) = (formPress * tanh(timCount))

' Calculating the Dimensionless Shut-in time, tDs, and Pressure, PDs

tDs= (Ic * shutInTime)

PDs = (1/ 2) * (Log(tDs) + (81 / 100)) '‘Note the LOG in VB is Natura
Logarithm (Ln)

‘Calculating the diminishing gas influx rate during shut-in

shinGasHo(timCount) = (foomPerm * FormFt * ((formPress ~ 2) -
(Press(timCount) ” 2)) * gasFVF) / (34176 * PDs* bhTemp * gasVis* Z) ‘cuft/hr

'‘Computing the Casing Pressure
shinGasDen(timCount) = Exp((Press(timCount) - P_DConst) * gasComp) 'ppg
annFIDen = ((shinGasDen(timCount) * gasFrac) + (mudDen * (1 - gasFrac)))

CsgPress(timCount) = (Press(timCount) - (0.052 * annFIDen * (casMudLnDep +
openHolint)))

Loop Until Press(timCount) >= formPress 'End of pressure built for each shut-in
time
'In the above expression USE "Round(Press(timCount)) = formPress' for Shut-in
Bubble sizes;,

‘and " Press(timCount) >= formPress" for Build-up pressures

234



' Displaying Pressure Build-Up results
frmShutInResults.Show
' Setting the format for the result table

frmShutlnResults.msgShutlnResults.Col Width(0) = 1000
frmShutinResults.msgShutInResults.ColWidth(1) = 1000
frmShutlnResults.msgShutInResults.Col Width(2) = 1500
frmShutinResults.msgShutInResults.ColWidth(3) = 1500
frmShutlnResults.msgShutlnResults.Col Width(4) = 1000
frmShutinResults.msgShutInResults.ColWidth(5) = 1500
frmShutlnResults.msgShutlnResults.Col Width(6) = 1000
frmShutinResults.msgShutInResults.ColWidth(7) = 1500

' Setting the headings

frmShutlnResults.msgShutInResults.Row = 0
frmShutInResults.msgShutInResults.Col = 0
frmShutlnResults.msgShutInResults. Text = "Shut-In Time"
frmShutinResults.msgShutInResults.Col = 1
frmShutlnResults.msgShutInResults. Text = "Shut-In Time"
frmShutInResults.msgShutInResults.Col = 2

frmShutinResults. msgShutInResults. Text = "Series Last Term"
frmShutinResults.msgShutInResults.Col = 3
frmShutlnResults.msgShutInResults. Text = "Hyperbolic Tangent"
frmShutInResults.msgShutInResults.Col = 4

frmShutInResults. msgShutInResults. Text = "BHP"
frmShutInResults.msgShutInResults.Col =5

frmShutlnResults. msgShutinResults. Text = "Gas Influx Rate"
frmShutInResults.msgShutInResults.Col = 6

frmShutlnResults. msgShutInResults. Text = "Gas Density"
frmShutInResults.msgShutInResults.Col = 7
frmShutlnResults.msgShutInResults. Text = "Casing Pressure”
frmShutinResults.msgShutInResults.Row = 1
frmShutlnResults.msgShutInResults.Col = 0
frmShutInResults.msgShutInResults. Text ="
frmShutlnResults.msgShutInResults.Col = 1
frmShutInResults.msgShutInResults. Text =" Hours "
frmShutlnResults.msgShutInResults.Col = 2
frmShutInResults. msgShutInResults. Text ="
frmShutlnResults.msgShutInResults.Col = 3
frmShutInResults. msgShutInResults. Text ="

mins"
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frmShutlnResults.msgShutInResults.Col = 4
frmShutInResults. msgShutInResults. Text =" psi
frmShutlnResults.msgShutInResults.Col =5
frmShutinResults. msgShutInResults. Text =" cuFt/hr "
frmShutlnResults.msgShutInResults.Col = 6
frmShutInResults.msgShutInResults. Text =" [bm/gal ™
frmShutlnResults.msgShutInResults.Col = 7
frmShutInResults. msgShutInResults. Text =" psi

" Printing result table on a different form

For counter = 0 To timCount
] = counter + 3

If counter =0 Then

frmShutlnResults.msgShutInResults.Row = |
frmShutInResults.msgShutInResults.Col = 0
frmShutinResults.msgShutInResults. Text = Str(counter)
frmShutInResults.msgShutinResults.Col = 1
frmShutinResults.msgShutInResults. Text = Str(counter)
frmShutInResults.msgShutInResults.Col = 2
frmShutinResults.msgShutInResults. Text = Str(Round(LstSeriTermC, 4))
frmShutInResults.msgShutInResults.Col = 3
frmShutinResults.msgShutInResults. Text = Str(Round(atanh, 3))
frmShutInResults.msgShutInResults.Col = 4
frmShutinResults.msgShutInResults. Text = Str(Round(mudHydPress))
frmShutInResults.msgShutInResults.Col =5
frmShutinResults.msgShutInResults. Text = Str(counter)
frmShutInResults.msgShutInResults.Col = 6
frmShutinResults.msgShutInResults. Text = Str(Round(shinGasDenC, 3))
frmShutInResults.msgShutInResults.Col = 7
frmShutinResults.msgShutInResults. Text = Str(Round(CsgPressC))

Else

frmShutlnResults.msgShutInResults.Row = |
frmShutlnResults.msgShutinResults.Col = 0

frmShutinResults.msgShutInResults. Text = Str(counter)
frmShutInResults.msgShutInResults.Col = 1
frmShutinResults.msgShutinResults. Text = Str(Round((counter / 60), 3))
frmShutInResults.msgShutInResults.Col = 2
frmShutinResults.msgShutInResults. Text = Str(Round(L stSeri TermT(counter), 4))
frmShutlnResults.msgShutInResults.Col = 3
frmShutinResults.msgShutInResults. Text = Str(Round(tanh(counter), 3))
frmShutInResults.msgShutInResults.Col = 4
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frmShutinResults.msgShutinResults. Text = Str(Round(Press(counter)))
frmShutInResults.msgShutInResults.Col =5
frmShutinResults.msgShutInResults. Text = Str(Round(shinGasF o(counter), 3))
frmShutInResults.msgShutInResults.Col = 6
frmShutinResults.msgShutInResults. Text = Str(Round(shinGasDen(counter), 3))
frmShutlnResults.msgShutInResults.Col = 7
frmShutinResults.msgShutinResults. Text = Str(Round(CsgPress(counter)))

End If

Next counter
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Cl. EXAMPLE OF SSIMULATION RESULTSFOR COMPUTED
APPARENT GASBUBBLE SIZES

K =300 md, g =387 gpm, Porosity = 0.3, Mud PV =24 cp
Mud Y P = 18 |bf/100ft?

| Bubble Size Distribution For, Each Case Scenario

Height [h] Drrilleed Bubble ' olume Bubble size [diameter] Sim. Error Mo of [terations A
ft oLt inchies) Bhsolute =
0 0 0 0 i
03 603 8.09 00000038 16025017
A7 .369 10.63 MN294228 369
25 B 12.56 0332468 00
33 847 14.08 MESTTiT 247
42 1106 15.39 (4126472 1106
b 1377 16.56 148623 1377
A3 1656 17.61 03565428 1656
B7 1.944 18.58 .M0o41158 1944
19 223 1947 M010864 2239
83 254 203 33731 2541
A2 2843 2.1 4148878 2848
1 3162 21.85 00883338 N6
1.08 343 2256 03652853 43
117 3804 2324 Manzaz 3804
1.25 4132 2389 3671116 132
1.33 4 465 2491 MMes7 4465
1.42 4802 25N 00085795 4802
15 5143 257 MNZ8z2e9 5143
1.58 b 433 26.26 4054575 h438
1.67 5,836 26.8 441576 836
1.7 £.133 2733 29632 188
1.83 B.543 2784 M431763 543
1.92 E.90 28.34 2130675 BRI
2 7263 28.83 MA518623 7263
208 7627 293 03352641 7627
217 7.9%5 2977 J0BEES3T 7395
225 .36 022 2275795 8365
233 8733 30.66 3176873 a7 v

4 >

Effect of Eifect o Mud Effect of L Elfect of Mud
: i Reservior i Cancel Back
Parogity Flow Rate Permeability b Wiscosity

fr 4 = & 5 = i
| L-_Ei Pressure Build-. ., L-E] Sirnulation Resu, E:. BHP & Casing B... g Projectl - Micro,,, I s Operati

'y Start
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C1 (contd.)

| Bubble Size Distribution For, Each Case Scenario

242 9114 K1 M 380773 a114 A
25 | 9433 &2 3727348 9493 3
258 | 9473 .94 03877562 9873
267 | 10257 3234 MZ53458 10257
270 | 10.643 32w 03030672 10643
283 | .03 3314 939634 11031
292 | 1421 3382 .M5E0084 11421
3 | 1814 339 MZe3012 11814
3.08 | 12203 34.23 02539357 12209
37 | 12605 3465 02644952 12606 =
385 | 13.005 30 M9E0811 13005
333 | 13.408 35.36 00844732 13406
342 | 13.809 1A 0361668 13809
35 | 14214 36.06 M331793 14214
358 | 14621 364 M7R3091 14621
367 | 1503 k.7 M3ze118 15030
370 | 15441 ETRIT 0236273 15441
383 | 15854 374 03209689 15854
392 | 16.268 32 0442523 16268
4 | 16.634 38.04 (2164228 16684
4.08 AL 38.35 M70zed4 17102
417 | 17522 3B.66 185357 17022
425 | 17.943 3897 ME41328 17943
433 | 18356 3923 M579261 18366
442 | 187 3353 553438 18791
45 18407 3987 0340121 1317
458 | 13645 4017 MZ39457 19645
467 | 20.074 40.46 [NE18036 20074
475 | 20505 40.75 o583 20805
483 | 20933 .03 3795338 20938
492 | 2137 4.3 03783824 231
5 21807 4159 1309806
0 )
Effect o Efect of Mud Effect o el Efect of Mud
: i Reservior g Cancel Back
Porozity Flow Rate Permeability B Yizcozity

P —— r o — [ 4 o [ [
f,’ start L-j. essure Build-, ., L-E. Simulation Fesu.., EE. BHP & Casing B. .. ‘g Project] - Micro. ., W Operati
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C2. EXAMPLE OF CASING AND BOTTOM-HOL E PRESSURE BUILD-

UPSIMULATIONRESULTS

K =50 md (Initial Gas Volume = 81.74 ft%)

&, Pressure Build-Up Data

mirs Hours
1 M7
2 033
3 05
4 0R7
5 023
B N

7 17
8 133
g 15
10 R7
11 183
12 2
13 A7
14 233
15 .25
16 267
17 283
18 3
19 A7
20 333
1 35
22 37
23 383
24 4
25 A7
26 433
27 45
28 AE7
29 483
a0 5
Kl H17
a2 ]

Shut-In Time | Shut-In Time | Senes Last Term

0nay
.0oog
.0nas
0008
0004
.000&
.0
0005
.0oo?
0003
.00o04
0005
0006
.0nas
.0m
0004
0005
0005
0006
0nay
000z
.0m
0004
0004
0005
0005
.000&
0006
.00ay
.00o0g
.0nas
nnns

Hyperbohc Tangent BHP

95
95
9591
852
.54
5955
957
5954
(961
863
965
967
97
872
974
976
978
g2
982
.94
985
.ge7
588
.93
A9
932
533
.994
.935
.996
936
997

pi

4368
4371
4378
4331
4387
4334
4402
441
4420
4430
4440
4450
4460
4470
4480
4430
4439
4508
4517
4525
4533
4540
4547
4853
4558
4563
4568
4572
4576
4579
4582
4RA5R

tGaslnfuy Rate
| Ibrngal

cuFt/h

1.145
926
.BEs
822
e
74

.EE1
.B22
.fd
545
07
A7
434
.398
J364
332
.am
271
244
218
194
172
182
133
17
am
088
076
.0R5
.05
n47

Gas Density | Casing Pressure

| 1.5465
| 1.5472

1.5481

| 1.5433
| 1.5607
| 1.5623
| 1.5541

1.5561

| 1.5561
15603
| 1.5625
| 1.5647
| 1.567

1.5633

| 1.5715
15737
| 1.5758
| 1.5778
| 1.5798

1.531E

| 1.5833
| 1.5

| 1.5865
| 1.5879
| 1.5891

1.5303

| 1.5914
' 1.5923
| 1.5932
' 1.5939

1.5346

| 1 R9R2

[

602
506

510

G615
| 522
| 529
537

546

5855
K65
574
 Gad
535

E05

615
E24
B34
| E43
| E51

E53

| 667
674
I
| 687

B33

638
702
707
i
714

7

| 74

f:.start

Flot BHF

Flat Cazing
Pressure

Cance
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i, Pressure Build-Up Data

32 533 0003 597 4585 047 15952 718
! 55 0003 497 4587 4 1587 7
!} 7 0004 993 4589 03 15982 73
i 53 0004 998 4591 028 1596 725
ki £ 0004 498 4532 024 15983 7
7 B17 0005 599 4554 2 15972 728
3 631 0008 99 LT | 15974 729
i 5 0005 593 4556 04 15976 730
40 FE? - .000s 999 4556 m 15978 7
41 583 .000s 599 4557 003 ' 1.598 7
42 T o007 5493 4598 ooy 159 7a2
43 17 0007 1 4558 - .00g 15982 73R
44 frict: - .000g 1 4558 005 15983 73
45 75 0008 1 4599 004 15983 73
4 TE7 0003 1 4553 003 15384 73
47 783 - .00og 1 4559 o 15984 733
18 8 .o 1 459302 1535 7
45 817 0004 1 4599 ooz 15985 7
B0 feex 0004 1 4600 .om 15985 74
51 85 0004 1 4600 .om 15986 734
52 BE7 0004 1 4600 .o 1596 7
53 B3 0004 1 4600 -.om 15986 7
g4 g 0005 1 4800 |0 15986 7
55 17 0005 1 4600 L0 15986 7
B 533 0005 1 4500 L0 1536 7
57 95 0005 1 4800 1] 15986 73
58 97 0006 1 000 1536 7
B 583 0006 1 4500 L0 1596 7
il ! - .000s 1 4600 ] 15986 7
£ 107 0007 1 4600 |0 15986 734
£2 1.033 o007 1 4600 L0 1596 7
£3 1.05 0007 1 4600 ] 15986 7
64 1.067 - .000g 1 4800 |0 15986 7
E5 1.083 0008 1 4600 L0 1.5986 74
BR 11 .000g 1 4600 0 15986 |

R7 1117 | nnng 1 T n | 1 R40R 74

Flat EHP Plat Casing Bl
Pressure

JF'_ [ I o7 [ .
1y Start ) Reclone Plave... | E3 Microsoft Exce... Wy Project] - Micr... W Operating Con... W Pressure B
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D. PLOT OF ANNULAR GASDENSITY AGAINST THE SHUT-INTIME

Annular Gas density variation with Shut-in time
1.61
K =400 md
Formation Interval = 1.425 ft
1.6 1 [initial Gas Vol. =56.13 ft3 TYTLLTITS ST LI RRRPRRRR RIS
A..I ....00
1.59 - N .
2 LA .0’ \KzSOmd
o N . Formation Interval = 4.54 ft
> 1.58 - " . Initial Gas Vol. = 56.13 ft3
= A- P
e .Y [K=300md
L 157 et ; . _
A, ormation Interval = 1.67 ft
8 P Initial Gas Vol. =56.13 ft?
>
O 1.56 - 4,
A o
. *
1.55 { se°
.'
1.54
0 10 20 30 40 50
Shut-in time, minutes
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