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Multilayered gas and gas condensate reservoirs in the Gulf of Thailand are
generally limited in extent and dissected by numerous faults. A single area may consist of
a large number of individually distinguished reservoirs. The method to gain production is
to perforate the layers in the right sequence. In this study, the system of interest consists
of dry gas and gas condensate reservoirs. Seven different perforation strategies are
analyzed in order to maximize condensate and gas production.

For two-layer reservoirs with depletion-drive gas-condensate reservoir on top and
dry-gas reservoir at the bottom having permeability of 500 mD and thickness of 100 ft,
the best perforation strategy to maximize condensate production and barrel of oll
equivalent is to perforate the top reservoir first until gas production rate reaches half of
initial production rate and then perforate the bottom layer while keeping the top zone
open.

As the thickness of the gas condensate and dry gas reservoir decreases, we should
delay the perforation of the lower zone in order to preserve the amount of gas in the
lower reservoir to be used to lift condensate at late times in order to maximize condensate
production. However, in term of barrel of oil equivalent, stand alone perforation is best
for thickness of 50 ft. As the permeability of the gas condensate and dry gas zones
decreases, we should also delay the perforation of the lower zone in order to maximize
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CHAPTER |
INTRODUCTION

The Gulf of Thailand contains several structurally complex trans-tensional
basins. These are made up of asymmetrical grabens filled with non-marine to
marginal marine Tertiary sediments as old as Eocene. Underlying the graben
sediments are a variety of Paleozoic marine carbonates, granitic intrusive rocks, and
metasediments. Many of the basins contain thick sequence of gas-prone source rocks,
but the limited lateral extent of these deposits, combined with variations in heat flow
and depth of burial of the source rocks, causes the distribution of hydrocarbons to be
complex and difficult to predict. In addition, the heat flow factor appears to have
consequence in the discharge of significant, G@@lume from the breakdown of
basement carbonates. The content of CO2 is related with most of Thailand's
commercial gas production.

The hydrocarbon reserve exist in multi faulted sandstone reservoir are
deposited in fluvio-deltic and coastal environments. Figure 1.1 represents the
depositional environment distribution. The distributaries’ channel originates the delta
plain of field which potentially accumulates organic rich substances. In this area
typically is found to have hydrocarbon reservoirs. All reservoirs developed to date

have had a hydrostatic pressure regime.

Distributary

Crevasse Splays
Channels

Embayment
Floodplain and

Lakes

fiald o
- Tidal Flat

Prograding
Sequences

Figure 1.1: Shape & Patterns of Bar and Channel Sands



The reservoir drive mechanism for each sand layer is Gulf of Thailand is found to be
either depletion drive or water drive mechanism. This is according to the multiple
deposition of the basin. Within a single compartment of the reservoirs, there can be
numbers of reservoir sands. Finding 20 hydrocarbon-bearing sands in a single well is
recurrent in the Gulf of Thailand. These reservoir sands are possible to be either
channel or bar sands. The channel sands are typically thicker than bar sands. They are
often supported by aquifer. The bar sands are thinner, with the shape of thin lens.
They are found with or without aquifer support.

The channel sands encountered in the Gulf of Thailand multilayered gas
reservoirs have porosity ranging from 8% to 30% and permeability ranging from 1
mD to 10 D. The channel sand thickness is in the range of 5 to 30 meters (16 to 100
feet). The channels are found as isolated channel, interconnected groups and even
multiple interconnected groups.

In general, the bar sands have less porosity than the channel sands given the
same depth. Their porosity lies in a range of 8% to 25% and permeability in the range
of 1 mD to 10 D. The sand thickness is in the range of 1 to 20 meters (3 to 60 feet) in
general.

Another complexity of the Gulf of Thailand multilayered gas reservoir is that
channel sand can be either water drive or depletion drive, depending on the
connection to an aquifer. The drive mechanism for specific sand layer will only be
known once the sand is put into production. This complexity leads to the difficulty in
selection of the sand to perforate.

In term of petroleum production, the two types of sands are not distinguished
between each other. There are only thin or thick reservoirs, with either depletion or
water drive mechanism. Yet the complexity encountered on both bar and channel
reservoir's rock as well as fluid properties and with different drive mechanisms
creates difficulties for engineers to find optimum production/perforation scenario,
especially when these multiple reservoirs are to be produced through a common well.

In case of multi-layered gas condensate and dry gas reservoirs, the challenging
to overcome liquid loading up in wellbore is generally known. This is due to the

nature of gas condensate behavior. Initially, gas condensate is a single-phase fluid



presenting in gas phase. In the meantime once reservoir pressure drops to the
dewpoint pressure then gas condensate forms to be liquid phase in the reservoir. The
condensate liquid becomes static and has less mobility owing to capillary forces
causing the effect of the inflow of fluid. In consequent, the production of gas
condensate is found to be lost while in the reservoir. The declination of relative
permeability near the wellbore demonstrates the condensate blockage effect. In that
case with the aim of enhancing the gas condensate production, the use of in-situ dry
gas reservoir is considered. The success to gain gas condensate production in the gulf
of Thailand, one of the matters relies on perforation sequencing in multi-layered
reservoir whether the in-situ dry gas is going to successfully boost up condensate
production.

Currently, the Gulf of Thailand general practice is to produce from
bottommost reservoirs upwards and shut any reservoirs with excessive water
production. This method allows gas and gas condensate production to be produced
from the deepest reservoir first, following by the next upper reservoirs consecutively.
The benefit of this method is to allow the bottom reservoir to be produced then the
shutting-off of the depleted reservoir can be done easily without missing the
opportunity to produce upper commercial pay zones.

According to the complexity of the reservoir characteristics, the Gulf of
Thailand dry gas and gas condensate reservoirs possess one of the most challenging

reservoir management for petroleum engineers.

1.1 Objective

The objectives of this study are as the follows:

1. To determine guideline for best perforation strategy in multi-layered gas
condensate and dry gas reservoirs.

2. To understand the impact of production by the condensate blockage, liquid load
up, and the effect of reservoir property variation and determine the best
perforation strategy in each case.

3. To understand the impact of aquifer toward the gas condensate and dry gas

production and determine the best perforation strategy in each case.



1.20utline of Methodology

In order to improve the multilayered dry gas and gas condensate reservoirs
management, this thesis has been initiated to find the perforation strategy so that the
well’'s production can be optimized. This includes study of optimal perforation
sequencing and study of optimal perforation under production constraints.

The study is carried out in following steps:

1. Data collection
Prior to running the simulation, data have to be gathered and input into
the program. These data include fluid composition from PVT analysis,
reservoir fluid properties, rock properties, reservoir pressure, reservoir
temperature, wellbore size, and tubing head pressure.
2. Set up of reservoir model
A compositional reservoir simulation program called ECLIPSE 300 is
used to simulate the performance of condensate and gas production for two-
layered reservoirs consisting of upper gas condensate reservoir and lower dry-
gas reservoir. The PVT and SCAL data are based on available Gulf of
Thailand reservoirs data. The resulting model is considered as representative
model for multilayered dry gas and gas condensate reservoirs. In performing
the model set up, the pre-assumption is that the drive mechanism associated
with each sand layer is known.
3. Study various scenarios
Better understanding of the performance of the multilayered reservoir is
expected through this step. After the model is set up to be a basis for the study,
various perforation options are put into test through the model. This includes:
(a) Concurrent perforation
(b) Perforating the lower zone after the upper zone is depleted and shutting off the
upper zone while producing the lower zone
(c) Perforating the lower zone when the upper zone is depleted
(d) Perforating the lower zone when the upper zone production is half

(e) Perforating the lower zone when the upper zone production is declining



(f) Perforating the upper zone when the lower zone is depleted
(g) Perforating the upper zone when the lower zone production is half
(h) Perforating the upper zone when the lower zone production is declining
In addition, the effects on production performance of the following variables
are investigated:
1. Drive mechanism
2. Reservoir thickness
3. Reservoir permeability
4. Result analysis

After all steps are carried out, the results are analyzed and summarized

1.3 Thesis Outline

This thesis consists of six chapters.

Chapter Il outlines a list of related works/studies on multilayered gas
condensate and dry gas reservoirs including perforation strategies.

Chapter Il describes the setting of reservoir model, theory of gas reservoirs,
and drive mechanisms.

Chapter IV discusses the principle of reservoir simulation, and model
generation.

Chapter V discusses the case study and their results of reservoirs simulation
obtained.

Chapter VI provides conclusion and recommendation



CHAPTER Il
LITERATURE REVIEW

A number of literatures regarding behavior of multilayered reservoirs and
perforation sequence have been reviewed as elaborated below. As a summary, only a
small amount of the reviewed articles directly address the perforation sequence in
multilayered dry gas and gas condensate reservoirs. This leaves the topics of interest
becomes challenging.

Camacho et al. [1] examined the response of fractured wells in commingled
reservoirs when the fracture length is assumed to vary from layer to layer. The
analysis of multilayer reservoir extends from the finite-difference model developed by
Bennett [2]. Some techniques to correlate the commingled reservoir solutions with
existing single-layer solutions were used by redefining terms involving the fracture
half-length and fracture conductivity in the definitions of dimensionless time and
dimensionless fracture conductivity. In the study, the authors considered two modes
of production which are constant-pressure and constant-rate conditions.

In conclusion, well response may be described by dimensionless pressure drop
and dimensionless time based on thickness-averaged values of the layer permeability
and the porosity-compressibility product of each layer. The analysis of buildup or
drawdown data is possible to estimate the equivalent fracture half-length and the
equivalent fracture conductivity. These data are useful to model a multilayer system
with an equivalent single-layer system during the transient period.

Fetkovich et al. [3] presented the depletion performance of a two-layered gas
reservoir producing without crossflow. They studied the field that has produced for
more than 20 years at effectively a low constant wellbore pressure, thus giving
continuous, declining rate/time data for analysis. Furthermore, a greater flexibility
was then obtained with a conventional single-cell, pseudosteady-state, gas-forecasting
program that combines gas material balance and a stabilized back-pressure curve for
each layer.

In their results, for all combinations of properties examined, the rate/time and

pressure/cumulative-production performance is not rate-sensitive at practical rates.



Also, different combinations of layer skins can demonstrate similar rate/time
and pressure/cumulative-production differential-depletion response. They believe that
all of the conclusions are applicable to the gas reservoir in their studies and most of
them would be applicable to any no-crossflow layered reservoirs.

Jamiolahmady et al. [4] developed a number of finite-element-based
simulators to study the flow of single-phase gas and gas-condensate in 1D openhole
and 3D perforated-well completions. They evaluated the impact of perforation
characteristics, fluid properties, rock characteristics, wellbore radius, fractional flow,
and flow rate on well productivity using their in-house simulators. The model
included the effect of changes in fluid properties, positive coupling, and negative
inertia.

They expressed the results in the form of PR which is the ratio of the total
flow rate of gas and condensate in the perforated completion to that of an openhole
unperforated well at the same pressure drop and fractional flow at the wellbore
conditions. At low velocity levels, the performance of a perforated completion for
two-phase flow of gas and condensate is similar to that of single-phase gas.
Furthermore, at low gas to total fractional flow rate values, the productivity of the
perforated completion is improved but at high gas to total fractional flow rate values,
negative inertial effect decreases the productivity.

Saleh and Stewart [5] considered well skin factor toward perforated
completion. They analyzed the solution of skin factor both steady-state Darcy and
non-Darcy flow including all interacting perforation parameters as well as formation
anisotropy. Liquid drop out behavior and contribution to the skin which are necessary
to understand gas condensate reservoirs are accounted for the extension from single
phase results to two phase condensate gas flow.

In their conclusions, they found that the analytical skin model can easily be
programmed and used for an accurate prediction of the perforation skin factor and
well productivity ratio for any type of completion and perforation geometry. They
constructed model in this study which requires input of perforation parameter, well
data, and the perforation shooting pattern including formation and damaged zone
parameters to calculate the perforation skin factor. Also, the interaction of non-Darcy
flow and the liquid drop-out effect can be easily explained from this model.



Momin [6] studied the perforation strategies of multi-layered reservoirs in the
determination of the optimum depletion scenario with different drive mechanisms. In
this study, he used reservoir simulation to model the reservoirs and evaluate the effect
of drive mechanism toward the recovery performance under various perforation
strategies. In term of commingle production from both depletion drive and water drive
reservoirs, separate production with early shutting-off of the water producing
reservoirs would provide effective solution for recovery efficiency, crossflow, and
recovery time.

The author clarifies that crossflow in the well is mainly from the difference
between reservoir pressure, well bottomhole flowing pressure, and reservoir's rock
and fluid properties. Permeability plays an important role in gas-water flows through
reservoirs as it has direct effect on recovery efficiency once the reservoir permeability
is above 200 mD. In combination drive reservoirs and water drive reservoirs, water
shut off need to be performed where water production in the well becomes excessive.

Arianto et al. [7] presented completion solution for multilayered gas fields.
The field of interest is Sanga-Sanga PSC, offshore Kalimantan which is fluvial gas
field consisting of low permeability (1-100 mD), depletion drive reservoirs and higher
permeability (100-1000 mD), water drive reservoirs. The classical way of perforation
is to carry out a bottom-up perforation approach. However, this leads to low gas rate
(as the bottom has low permeability), liquid loading, and/or poor well performance.
Alternatively, production from shallow reservoirs can be chosen but the watered out
perforation zone will be difficult to isolate. Their solution in the past was to use single
selective completion. However, this solution is quite ineffective since their production
tubing system has to be completed with various downhole equipment such as double
tubing packer, sliding sleeve valve, etc, which increase the risk of system leakage and
subsequent problems. In their study, they have decided to use dual completion, one
for the shallow and one for the deep reservoirs which proves to be successful
applications.

Al-Sheri et al. [8] tested commingled production from multilayered gas-
carbonate reservoirs in Ghawar field, Saudi Arabia. They highlighted that the key
successful factor for commingled production is to keep the flowing bottomhole
pressure of the system below the lowest static reservoir pressure. They further



stressed that the best result would be obtained when similar static pressure zones are
combined or when the lower static pressure zone exhibits higher productivity index.
Along with several findings, they concluded from actual results that commingle
production shows improvement both for production rate and recovery. This
conclusion is made from comparing the commingled production vs. original selective

zone production (i.e., to produce from only one reservoir zone at a time).



CHAPTER 11l
THEORY AND CONCEPT

In this chapter, we explain key concepts about multi-layered gas and gas
condensate reservoirs and related theories involving flow behavior of the gas

condensate system.

3.1 General Definition of Multi-layered Reservoirs

A type of reservoir consists of an amount of layers which characteristics and
properties are possible to be different in each layer. Communication across the layer is
barely found therefore the communication occurs once the well is perforated through
the production tubing. Figure 3.1 shows the configuration of multi-layered reservoirs
in which the zones are isolated. The isolation of zones are created by cementing
around production tubing which leads to sequencing zone opening in production

method.
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Figure 3.1: Multi-layered reservoirs with production tubing
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3.2 Reservoir Simulation

The reservoir simulation technique is used in this study because it offers the
advantage on capturing the flow of fluid in reservoirs, the interaction between each
reservoir in the multilayered reservoirs through the common producing well, and the
effect of different drive mechanisms on the producing characteristics of the
multilayered reservoirs. These advantages are important in order to understand the
behavior of multilayered reservoirs, and ultimately, to determine the application of the
optimal production/perforation techniques.

The reservoir simulation software used in this study is the ECLIPSE 300
software. Compositional model is used in this study as the reservoirs of interest
contain different hydrocarbon compaositions of dry gas and gas-condensate.

The data used to create reservoir model are field data of a well in Gulf of Thailand. To
create the model, rock and fluid properties have to be known.
The two important concepts that are used in reservoir simulations are the concept of

material balance and the concept of fluid flow in porous medium.

3.3 Material Balance Concept

The law of conservation of mass is the basis of material balance calculations.
Material balance is an accounting of material entering and leaving a system. The
calculation treats the reservoir as a large tank of material and uses quantities that can
be measured to determine the amount of a material that cannot be directly measured.

In its simplest form, the equation can be written on volumetric basis as:
Initial volume = volume remaining + volume removed

Measurable quantities include cumulative fluid production volumes for oil, water, and
gas phases, reservoir pressure, and fluid property data from samples of produced
fluids. Material balance calculation may be used for several purposes. It provide an
independent method of estimating the volume of oil, water, and gas in a reservoir for
comparison with volumetric estimates. The magnitude of various factors in the

material balance equation indicates the relative contribution of different drive
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mechanisms at work in the reservoir. Material balance can be used to predict future

reservoir performance and aid in estimating recovery efficiency.

3.4 Material Balance in Gas Reservoir

Reservoirs containing only free gas are termed gas reservoirs. Such a reservoir
contains a mixture of hydrocarbons which exists wholly in the gaseous state. Gas
reservoirs may have water influx from contiguous water-bearing portion of the
formation or maybe volumetric (i.e., have no water influx). The general material

balance equation applied to a gas reservoir is in the form of:

(Cwswi+cf) = _
G(By — Byi) + GBy; s AP+ We = GyBy + ByW, (3.1)
where
G = initial gas in-place
Gp = cumulative gas production
By = gas formation volume factor
Bgi = initial gas formation volume factor
Cw = water compressibility
Swi = initial water saturations
ce = formation compressibility
Ap = difference in reservoir pressure comgaoeoriginal reservoir
pressure.
W, = cumulative water encroached to reservoir
By = water formation volume factor
W, = cumulative water production

Equation (3.1) is derived by applying the law of conservation of mass to the
reservoir and associated production.
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For gas reservoirs, the gas compressibility is much greater than the formation
and water compressibility, and the second term on the left-hand side of Equation (3.1)

becomes negligible. The new equation becomes
G(By — By) + W, = G,B, + B, W, (3.2)
When there is neither water encroachment into the reservoir nor water production

from the reservoir, the reservoir is said to be volumetric. In this case

Equation (3.2) reduces to

G(B, — B,;) = G,B, (3.3)
But
_ DPsc2T
Bg 7 Tscp (34)

SubstitutingB, into Equation (3.4), we have

P_ _Pi pi
L= Gy + 2 (3.5)

ziG i

Because;, z; ,andG are constants for a given reservoir, Equation (3.5) suggests that

a plot of p/z as the ordinate verghswould yield a straight line with:

p;
Sl = ——
ope G

y intercept = bi
Zj

The p/z plot versus cumulative production is shown in Figure 3.2.
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Figure 3.2: p/z plot versus cumulative production (Craft and Hawkins [9])

If p/zis set equal to zero, which would represent the production of all the gas from
reservoir, then the correspondiigequals Gthe initial gas in-place.

For gas-condensate reservoir, whether the pressure is above or below the
dewpoint, two or three fluid phases may occur in a gas-condensate reservoir. The
difference from dry gas reservoirs is that gas-condensate reservoirs are
characteristically rich with intermediate and heavier hydrocarbon molecules. Hence,
the requirement to correct concepts of this method is to consider the liquid volume

remaining in the reservoir and any liquids produced at the surface.

3.5 Fluid Flow in Porous Medium

The fluid flow equations that are used to describe the flow behavior in a
reservoir can take many forms depending upon the combination of variables presented
previously (i.e., types of flow, types of fluids, etc.). By combining the conservation of
mass equation with the transport equation (Darcy’s equation) and various equations of
state, the necessary flow equations can be developed. Since all flow equations to be
considered depend on Darcy's law, it is important to consider this transport

relationship first.
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3.5.1 Darcy’s Law

The fundamental law of fluid motion in porous media is Darcy’s law. The
mathematical expression developed by Darcy in 1756 states that the velocity of a
homogeneous fluid in a porous medium is proportional to the head (or potential), and
inversely proportional to the fluid viscosity. For a horizontal linear system, this

relationship is:

-k dp

q
V= A = o dx (3.6)
where

Y = apparent velocity in centimeters per second and is equal to g/A.

q = volumetric flow rate in cubic centimeters per second.

A = total cross-sectional area of the rock in square centimeters.
other words, A includes the area of the rock material as well
as the area of the pore channels.

u = fluid viscosity, centipoise.

Z—Z = pressure gradient, atmospheres per centimeter. Taken in the

same direction asand g.
K = permeability of the rock, Darcy.

. - . . dp ..
The negative sign in Equation (3.6) is added because the pressure %%dlent

is negative in the direction of flow. For a horizontal-radial system, the pressure
gradient is positive and Darcy’s equation can be expressed in the following

generalized radial form:

v = Z—: = E(Z—f)r (3.7)
where:
qr = volumetric flow rate at radius r
A, = cross-sectional area to flow at radius r

(a_p) = pressure gradient at radius r
r
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v = apparent velocity at radius r
The cross-sectional area at radius r is essentially the surface area of a cylinder.

For a fully penetrated well with a net thicknesshpthe cross-sectional arda is given

by:
A, = 2nrh (3.8)

Darcy’s law applies only when the following conditions exist:

e Laminar (viscous) flow;

e Steady-State flow;

e Incompressible fluids;

e Homogeneous formation.

For turbulent flow, which occurs at higher velocities, the pressure gradient
increases at a greater rate than does the flow rate and a special modification of
Darcy’s equation is needed. When turbulent flow exists, the application of Darcy’s

eguation can result in serious errors.

3.5.2Radial Flow of Compressible Fluids

For a viscous (laminar) gas flow in a homogeneous radial system, the real-gas
eguation of state can be applied to calculate the number of gas moles n at the pressure

p, temperature,Tand volume V

pV
n=— (3.9)
ZRT

At standard conditions, the volume occupied by the above n moles is given by:

NZg-RT
VS‘C — =S¢ se (3.10)
Dsc

Equivalently, the above relation can be expressed in terms of the reservoir
condition flow rate g, in scf/day, and surface condition flow gatein scf/day, as:

pXxq — Psclsc
zT Tsc

(3.12)
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Rearranging:

(2) (5) asc = a (3.13)
where:
q = gas flow rate at pressupan scf/day
dsc = gas flow rate at standard conditions, scf/day
z = gas compressibility factor
T,e = standard temperature iR and
Dsc = standard pressure in psia

Dividing both sides of the above equation by the cross sectionalhaaed

equating it with that of Darcy’s law, i.e., Equation (3.6), gives:

2= (2)(2) (52) sc = —0.006328 2 (3.14)

A Tsc p 2nrh

The constant 0.001127 is to convert Darcy’s units to field units. Separating

variables and arranging yields:

dscPscTZi ] frz dar

— D2 _ l 2 _ 2
(0.006328)(2m)Tyckhl Jri v = fpl pdp = (p1 — p2)

(3.15)

Assuming that the product afi, is constant over the specified pressure range

betweenp, andp,, and integrating, gives:

QscPscTz) 1 (TZ) 2 2
n{—J)= — 3.16
0.01988 Tockh  \ry (pi —p2) (3.16)

Then,

_0.703533kh(p?—p2)

(aig) In(22) 817
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where:
q = gas flow rate, scf/day
k = permeability, mD
T = temperatureRr
Mg = gas viscosity, cp
h = reservoir thickness, ft
r = total length of the radial system, ft

If one considers the drainage radius of the well, and adding skin factor into
account, the final equation is,

B 0.703533kh(p$ —pﬁ,f)
q= (3.18)

T(zn,) 1n<(:—i)+s>

It is essential to notice that those gas propettiesd u, are very strong
functions of pressure, but they have been removed from the integral to simplify the
final form of the gas flow equation. The above equation is valid for applications when

the pressure is less than 2000 psi. The gas properties must be evaluated at the average
pressure.

3.6 Gas Reservoir

To distinguish reservoir fluid type can only be confirmed by the observation
from the laboratory. Notwithstanding, readily available production information
usually will indicate the type of reservoir. The reservoir fluid can be categorized into
five types; black oil, volatile oil, retrograde gas, wet gas, and dry gas.

Typically, if reservoir temperature is above the critical temperature of the
hydrocarbon system, it is classified as a natural gas reservoir. On the basis of their

phase diagrams and the prevailing reservoir conditions, natural gases can be classified
into four categories;

e Retrograde gas-condensate
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e Near-critical gas-condensate
o Wetgas

e Drygas

3.6.1 Retrograde Gas Condensate Reservoir

In the event that the reservoir temperature (T) lies between the critical
temperature T.) and cricondenthermT{;) of the reservoir fluid, the reservoir is
classified as a retrograde gas-condensate reservoir. This type of reservoir is a unique
type of hydrocarbon accumulation in that the special thermodynamic behavior of the
reservoir fluid is the controlling factor in the development and the depletion process
of the reservoir. When the reservoir pressure is decreased on these mixtures, instead
of expanding or vaporizing as might be expected, they vaporize instead of condensing
as illustrate in Figure 3.3. The reason of this occurrence is because the reservoir
pressure is above the upper dew-point pressure, the hydrocarbon system exists as a
single phase in the reservoir. As the reservoir pressure declines isothermally from the
initial pressure to the upper dew-point pressure, the attraction between the molecules
of the light and heavy components cause them to move further apart. From this event,
attraction between the heavy component molecules becomes more effective until
liquid begins to condense. Further reduction in pressure permits the heavy molecules
strike the liquid surface and causes more molecules to leave than enter the liquid
phase. This means that all the liquid that formed must vaporize because the system is
essentially all vapors at the lower dew point. It should be recognized that around the
well bore where the pressure drop is high, and sufficient liquid drop out may

accumulate to give two phase flow of gas and retrograde liquid.
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Figure 3.3: A typical phase diagram of a retrograde gas condensate (after Yisheng et.
al. [10]).

3.6.2 Near Critical Gas-Condensate Reservoir

In case the reservoir temperature is near the critical temperature the
hydrocarbon mixture is classified as a near-critical gas-condensate. The volumetric
behavior of this category of natural gas is explained through the isothermal pressure
declines and also by the corresponding liquid dropout curve. Because all the quality
lines converge at the critical point, a rapid liquid buildup will immediately occur
below the dew point as the pressure is reduced. This behavior can be justified by the
fact that several quality lines are crossed very rapidly by the isothermal reduction in
pressure. At the point where the liquid ceases to build up and begins to shrink again,

the reservoir goes from the retrograde region to a normal vaporization region.
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3.6.3Wet Gas Reservoir

A typical phase diagram of a wet gas is shown in Figure 3.4 where reservoir

temperature is above the cricondentherm of the hydrocarbon mixture. Because the
reservoir temperature exceeds the cricondentherm of the hydrocarbon system, the
reservoir fluid will always remain in the vapor phase region as the reservoir is

depleted isothermally. As the produced gas flows to the surface, however, the
pressure and temperature of the gas will decline. If the gas enters the two-phase
region, a liquid phase will condense out of the gas and be produced from the surface
separators. This is caused by a sufficient decrease in the kinetic energy of heavy
molecules with temperature drop and their subsequent change to liquid through the

attractive forces between molecules.
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Figure 3.4: Phase diagram for a wet gas (after Yisheng et. al. [10]).
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3.6.4 Dry Gas Reservoir

The hydrocarbon mixture exists as a gas both in the reservoir and in the
surface facilities. The phase diagram as illustrated in Figure 3.5 showing dry gas
reservoir is presenting only gas phase. The only liquid associated with the gas from a
dry-gas reservoir is water. Usually a system having a gas-oil ratio greater than
100,000 scf/STB is considered to be a dry gas. Kinetic energy of the mixture is so
high and attraction between molecules so small that none of them coalesce to a liquid
at stock-tank conditions of temperature and pressure. It should be pointed out that the
classification of hydrocarbon fluids might be also characterized by the initial

composition of the system.
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Figure 3.5: Phase diagram for dry gas (after McCain [11])
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3.7 Non-Darcy Flow

For a certain pressure drawdown, the velocity of gas is at least an order of
magnitude greater than for oil. The transient pressure response of a gas well might be
affected by high velocity, not only the viscous force component represented by
Darcy’s equation, there is also an inertial force performing according to convective
accelerations of the fluid particles in passing through the porous medium. Under this
situation the proper flow equation is that of Forchheimer, which is (after Dake, [12])

dp U 2
—==U-+ u 3.19
dar k B'D ( )
where
dp - \
I = pressure gradient at radius r
p = velocity coefficient

Regularly, unsteady-state flow equation for pressure drawdown analysis with
constant-rate gas production is based on the solution for slightly compressible liquid

flow with pressure replaced by pseudo pressure; (after Lee, [13])

1 637qu

Py(Pys) = P,(P) — [log(t) + log( ) —3.23+0. 8695]

k
oy
(3.20)

In the case of normalized pseudopressugehe equation becomes

Powr = Py — m [log(t) + log< 2) —3.23+ 0.8695’]

(3.21)

Wheres' = s + Dqq is an effective skin factor including true formation damage and

the effect of Non-Darcy flow.
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From above equation, it can be rewritten in dimensionless form as;

_0.0002637kt

tp = OhgCers (3.22)

Conventionally, the non-Darcy flow effect can be indicated as a rate-dependent

pseudoskin defined d3q,, where D is the non-Darcy flow coefficient.

3.7.1Non-Darcy Flow and Positive Coupling

In near wellbore region of gas-condensate reservoirs, there are two phenomena
that affect the well productivity and cannot be expressed by Darcy equation which are
non-Darcy flow and positive coupling.

Non-Darcy flow is typically observed in high-rate gas wells when the flow
converging to the wellbore reaches flow velocities exceeding the Reynolds number
for laminar or Darcy flow, and results in turbulent flow. The effect of non-Darcy flow
can be treated by the Forchheimer equation with an empirical correlation.
Forchheimer [11] proposed the following quadratic equation to express the

relationship between pressure drop and velocity in a porous medium:

d 2
& = [l
where:
o} = the volumetric flow rate
k = the rock permeability
k, = the relative permeability
A = the area through which flow occurs
I = the fluid viscosity
p = the fluid density
S = the Forchheimer parameter
dp

™ = the pressure gradient normal to the area
X
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Another phenomenon which is known as positive coupling occurs when the
flow velocity is high and the interfacial tension between the flowing phases is low. In
this case, capillary forces may no longer dominate the distribution of the phases on a
pore scale. Subsequently, macroscopic flow properties become dependent on the ratio

of viscous to capillary forces on a pore scale, denoted by the capillary nifmber

klV
u KV
go (3.24)
where:
o = interfacial tension
@ = porosity

3.8 Gas-Condensate Phase Behavior

Gas-condensate or retrograde gas is one of the various types of the reservoir
fluid which has unique characteristics of phase diagram as illustrated in Figure 3.6.
The region of retrograde condensate occurs at temperature between the critical
temperature 7.) and the cricondentherm. The cricondentherm is the highest

temperature on saturated envelope.
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Figure 3.6: Pressure-Volume-Temperature diagram of condensate (after Fan et. al.

El)
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Gas-condensate is a single-phase gas at original reservoir condition (point A).
At dewpoint pressure (point B), the fluid will start to separate into gas and liquid that
is called a retrograde condensate. The liquid dropout in the pore space will lead to the
formation of a liquid phase and a consequent reduction in the gas production of the
well. This phenomenon continues until a point of maximum liquid volume is reached
(point C). Lowering the pressure furthermore will cause the revaporization process
(point D) but this process is typically below the economic life of the field, and this
stage will not be reached.

The amount of liquid phase present depends not only on the pressure and
temperature but also on the composition of the reservoir fluid. The condensate gas can
be classified into three types; poor, middle and rich content condensate gas. The
classifications and the physical characteristics are listed in Table 3.1.

Table 3.1: Physical characteristics of condensate gas (after Yisheng et. al. [10]).

Heavier Reservoir Production Condensate
Fluid type | hydrocarbon | fluid density | GOR content
content G+ | (g/cnt) (m¥/m?) (g/md)
Poor 0.5-20 0.20 - 0.25 18000 - 5000 <150
Middle 2.0-40 0.25-0.30 5000 - 2000 150 - 350
Rich 40-9.0 0.30-0.45 2000 - 1000 250 - 600
Near critical 9.0-125 0.45 — 0.5( 1000 - 700 600 - 800

A rich gas-condensate forms a higher percentage of liquid than a lean gas-

condensate. The phase diagrams of poor, middle and rich content condensate gas are

shown in Figures 3.7, 3.8 and 3.9, respectively.
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Figure 3.7: Pressure-Volume-Temperature diagram of poor condensate content (after
Yisheng et. al. [10]).
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Figure 3.8: Pressure-Volume-Temperature diagram of middle condensate
content (after Yisheng et. al. [10]).
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Figure 3.9: Pressure-Volume-Temperature diagram of rich condensate content
(after Yisheng et. al. [10]).

3.8.1 Gas Condensate Flow Behavior

Fluid flow towards the well in a gas-condensate reservoir during depletion can
be divided into three main flow regions. The two regions closet to the producing well
exist when the pressure is below the dewpoint pressure and the third region exists
when its pressure is above the dewpoint pressure as shown in Figures 3.10 and 3.11.

= Near-wellbore (Region 1): The condensate saturation of this region is

greater than the critical condensate saturation. Both gas and condensate
flow simultaneously at different velocities. The oil relative permeability
increases with saturation while gas relative permeability decreases,
illustrating the blockage effect.

= Condensate buildup (Region 2): Region where the condensate is dropping

out of the gas. The condensate saturation of this region is less than the
critical saturation. Only gas phase is flowing.

» Single phase gas (Region 3): This region is away from the producing well

where only gas phase is present and flowing. Gas velocity in this region is
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generally low because the cross sectional area is high. Composition in this

region is equal to the original reservoir gas.
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Figure 3.10: Three regions of gas-condensate fluid flow behavior
(after Roussennac et. al. [13]).
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Figure 3.11: Three regions of gas-condensate pressure profile (after Fan et. al. [9]).
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3.8.2 Fluid Composition Change

In gas-condensate system, the buildup of condensate is due to the pressure
drop below the dewpoint pressure. The heavier components tend to drop out first and
then become the condensate liquid. The phase diagram of the reservoir fluids is
shifted clockwise to a system with higher critical temperature as shown in Figure
3.12.

[ Rasmveir invtiai Conaibions|

o
L

Prissure

Temperamre
Figure 3.12: Shift of phase envelope with composition change

(after Roussennac [13]).



CHAPTER IV
RESERVOIR SIMULATION MODEL

In order to determine optimal production for each perforation scenario in

multilayered gas condensate and dry gas reservoirs, reservoir simulator was used as a

tool to predict gas and condensate production under different strategies. As a result,

the best strategy can be obtained.

The reservoir simulator ECLIPSE 300 specializing in compositional modeling

was used in this study because it provides more accurate calculation of liquid dropout

in porous media by using flash calculation. For the simulation method, the adaptive

implicit (AIM) mode was selected. We can divide the reservoir simulation model in to

four main sections as follows:

1.

4.

Grid section. In this section, the geometry of the reservoir and its
permeability and porosity were specified.

Fluid section. The gas-condensate reservoir and source reservoir
composition were specified in this section. The physical properties of each
component and the EOS used in flash calculation were also specified.

Initial reservoir condition was also included in this section.

SCAL section. In special core analysis or SCAL section, oil relative
permeability and gas relative permeability in gas at connate water as a
function of gas saturation, oil relative permeability in water and water

relative permeability as a function of water saturation were specified.

Wellbore section. The wellbore model was constructed and used to

calculate the vertical flow performance.

This chapter describes the selection of actual reservoir model for the study,

their characteristics and resulting production profiles. Setting up of simplified model,

assumptions used and matching results are also discussed. The detail of the simulation

input is shown in Appendix A.
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4.1 Grid Section

In this study, we generated two reservoirs which are dry gas reservoir and gas-
condensate reservoir. Both reservoirs were constructed using Cartesian coordinate
under plane geometry and homogeneous conditions. The dimension of each grid block
is 80ft x 80ft x 20ft. The number of grid blocks of each reservoir is 25 x 25 x 5. The
top of gas-condensate reservoir is located at a depth of 6,000 ft, and the top of dry gas
reservoir is at 6,200 ft. The porosity of the reservoir was assumed to be 20.0%. The
horizontal permeability was set at 500 mD, and the vertical permeability was 5 mD.
The configuration of grids in reservoir model is shown in Figure 4.1-4.3.

Office 20071

Permx (mD)

Figure 4.1: Top view of the reservoir model
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Figure 4.2: Side view of the reservoir model

e et e
| e S | w—

Figure 4.3: 3D view of the reservoir model
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4.2 Fluid Section

The initial fluid conditions such as datum depth, pressure at datum depth, and
water-oil contact depth was specified in Equilibration Data Specification (EQUIL)
section which is used to generate consistent oil and gas compositions for each cell.
The equation of state used in this study is Peng-Robinson. A typical composition of
gas-condensate found in the Gulf of Thailand is used for the gas-condensate reservoir

model. Table 4.2 illustrates the fluid composition in the gas-condensate reservoir.

Table 4.2: The initial composition of the reservoir fluid

Component Mole fraction
Carbon dioxide 0.012302
Methane 0.599910
Ethane 0.084326
Propane 0.063988
Isobutane 0.034127
Normal butane 0.038989
Isopentane 0.014286
Normal pentane 0.013988
Hexane 0.072718
Hepthane plus 0.065366

The physical properties of each component and the binary interaction coefficients of

this system are shown in Tables 4.3 and 4.4, respectively.



Table 4.3: Physical properties of each component
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Boiling Critical Critical Critical :
Component | points pressure temp. \E?tlé;lrg_e M\?VI;ZL;]I? ' Afa ecr;(t)rrlc
(R) (psia) CR) | hole)

CO; 350.46 1071.3 548.46 1.5057 44.01 0.225
C, 200.88 667.78 343.08 1.5698 16.043 0.013
C, 332.28 708.34 549.77 2.3707 30.07 0.0986
Cs 415.98 615.76 665.64 3.2037 44.097 0.1524

i-C,4 470.34 529.05 73458 | 4.2129 58.123 0.1848

n-C, 490.86 550.66 765.36 | 4.0847 58.123 0.201

i-Cs 521.80 491.58 828.72 | 4.9337 72.15 0.227

n-Cs 556.56 488.79 845.28 4.9817 72.15 0.251
Ce 606.69 436.62 913.50 | 5.6225 86.177 0.299
Css 734.08 403.29 1061.3 7.509 115 0.38056

Table 4.4:Binary interaction coefficient between components
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In this study, the reservoir temperature was assumed to be constant’&t 254
and the initial reservoir pressure of gas-condensate and dry gas reservoir was 2,600
and 2,685 psi respectively. With this reservoir pressure, reservoir temperature and
fluid composition, the phase behavior of gas-condensate reservoir system is displayed

in Figure 4.4.

Phase Plol Sample 21
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Figure 4.4: Phase behavior of the gas-condensate reservoir fluid system

This phase behavior was calculated by PVTi program in ECLIPSE simulator.
The dew point pressure is 2,446 psi and the maximum liquid dropout of 12% occurs

when the reservoir pressure drops to 1,400 psi.
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4.3 SCAL (Special Core Analysis) Section

Two tables of relative permeabilitiek,.) and capillary pressurep.) as
functions of saturation in ECLIPSE allow us to enter gas/oil relative permeabilities
and gas/water relative permeabilities into the safenas depicted in Tables 4.4 and

4.5, respectively. These functions are shown in Figures 4.5 and 4.6.

k., is relative permeability to gas
k., isrelative permeability to oil
k., isrelative permeability to water
Sw is saturation of water

Sy is saturation of gas

Pe is capillary pressure

Table 4.5:Gas and oil relative permeabilities

S, k.4 k,,

0 0 0.897
0.03515 7.63E-05 0.705923
0.0703 0.00061 0.544104
0.10545 0.002059 0.409125
0.1406 0.00488 0.298553
0.17575 0.009531 0.209941
0.2109 0.01647 0.140865
0.24605 0.026154 0.0889
0.2812 0.03904 0.051603
0.31635 0.055586 0.026534
0.3515 0.07625 0.011275
0.38665 0.101489 0.003398
0.4218 0.13176 0.000433
0.45695 0.167521 0
0.4921 0.20923 0
0.52725 0.257344 0
0.5624 0.31232 0
0.59755 0.374616 0
0.6327 0.44469 0
0.66785 0.522999 0

0.703 0.61 0
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Figure 4.5: Gas and oil relative permeabilities.

Table 4.6: Oil and water relative permeabilities

Sw krw ko
0.297 0 0.897
0.319026 1.76E-05 0.769065
0.341051 0.000141 0.653913
0.363077 0.000476 0.55087
0.385102 0.001128 0.459264
0.407128 0.002203 0.378422
0.429154 0.003807 0.307671
0.451179 0.006045 0.246339
0.473205 0.009024 0.193752
0.49523 0.012849 0.149238
0.517256 0.017625 0.112125
0.539282 0.023459 0.081739
0.561307 0.030456 0.057408
0.583333 0.038722 0.038459
0.605358 0.048363 0.024219
0.627384 0.059484 0.014016
0.649410 0.072192 0.007176
0.671435 0.086592 0.003027
0.693461 0.102789 0.000897
0.715486 0.12089 0.000112
0.737512 0.141 0

1 1 0

38
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Water/OQil Saturation Functions
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Figure 4.60il and water relative permeabilities.

4.4 Wellbore Section

In order to simulate the dynamic performance, the well model has been
created using Prosper Software. The model is built based on monobore well design
which is widely applied in the Gulf of Thailand. The well has a wellbore diameter of
6-1/8 inches with 3-1/2 inches production casing (inside diameter of 2.992 inches).
The well is perforated from 6,000 ft to 6,280 ft, depending on the reservoir depth in
each case. The schematic of wellbore and configuration is shown in Figure 4.7.
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Figure 4.7: Monobore well schematics

4.5 Vertical Flow Performance

In this study, multiple sets of vertical flow performance(VFP) curves were
generated by production and system performance analysis software (PROSPER) for
the variety of composition in the source to traget reservoirs. The chosen vertical flow
correlation is Fancher Brown. The bottomhole flowing pressure is calculated based on
the tubing head pressure, gas rate, and gas oil ratio of the producing well and source
well for their respective section. The details of vertical flow performance curves used

in this study are shown in Appendix B.
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CHAPTER V

SIMULATION RESULTS AND DISCUSSIONS

This chapter present results and discussion of different perforation strategies
for multi-layered gas and gas condensate reservoirs. To evaluate the effect of layer
thickness, layer permeability, three sets of reservoir simulation were conducted and
analyzed.

A target tubing head pressure of 100 psia with vertical flow performance is
used for the production well. In dry gas and gas condensate reservoirs, there is no
limitation on cross flow between the layers. The fluid is allowed to flow naturally
from one to another once the zones are perforated. The economic limits are defined by
assuming a typical daily operating cost at minimum gas rate of 500 MSCF/d. The top
depth of the upper reservoir is 6,000 feet whereas the bottom layer is separated by 100
feet shale (inactive cells). The initial reservoir pressures are assumed to follow
hydrostatic gradient.

The perforation/production scenarios under this study can be categorized into
7 scenarios. The first one is concurrent perforation. The rest are time lapse
perforation. Time lapse perforation strategy allows a reservoir to be produced first,
then with certain condition previously set, another reservoir will be perforated later.

These scenarios are listed and described in Table 5.1.



Table 5.1: Perforation strategy
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Scenario Description Explanation

1 Concurrent perforation Perforate and produce all reservoirs until they
are depleted.

2 Standalone perforation Perforate the top zone first and produce until
gas production reaches economic rate then shut
off the top zone and perforate the bottom zope.

3 Commingle after top zone | Perforate the top zone first and produce until

depletes gas production reaches economic limit then
perforate the bottom zone.

4 Commingle after top zone | Perforate the top zone first and produce until

rate half declines gas production decreases to half of the initial
rate then perforate the bottom zone.

5 Commingle after top zone | Perforate the top zone first and produce until

rate starts to decline gas production rate just drops below the initial
rate then perforate the bottom zone.

6 Commingle after bottom Perforate the bottom zone first and produce

zone rate half declines until gas production decreases to half of initia
production rate then perforate the top zone

7 Commingle after bottom Perforate the bottom zone first and produce

zone rate starts to decline

U

until gas production rate just drops below the

initial rate then perforate the top zone.
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5.1 Base Case

The production well is placed at coordinate (13, 13) in the global grid
representing the producer as shown in Figure 5.1. The maximum gas production rate
which is set at 10,000 MSCF/D is used as the control variable. The gas production
rate is kept constant as long as the reservoir pressure can sustain such rate with a
tubing head pressure limit of 100 psia and vertical flow performance VFP NO.1 (see

Appendix B).

Figure 5.1: Grids representing well location in reservoir model
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Scenario 1:

In this case, both reservoirs are perforated at the same time and produced until
the economic limit. Gas production rate and condensate production rate from the
simulation is shown in Figures 5.2 and 5.3, respectively. At early times, gas
production rate is constant while the bottom hole pressure declines (see Figure 5.4).
After the bottom hole pressure drops below the dew point pressure of 2,446 psi, the
condensate production rate declines since liquid starts to condense in the pore space.
Once the liquid drops out in the reservoir, it is more difficult to move it out of the

reservoir in comparison to moving the gas out.

GasProduction Rate
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Figure 5.2: Gas production rate for Scenario 1.
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Figure 5.3: Condensate production rate for Scenario 1.

Pressure vs Time
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Figure 5.4: Pressure vs time for Scenario 1.

The condensate saturation around the wellbore increases as the pressure

becomes lower. At early times of condensate accumulation, condensate cannot flow in

the reservoir. This condensate accumulation around the wellbore are called
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condensate blockage which causes the problem of gas flow performance. When the
condensate saturation reaches the maximum, condensate starts to flow. The
condensate saturation decreases at late time period because condensate revaporizes as
the pressure drops to low values. Figure 5.5 is used to explain in details that when the
pressure drops with constant reservoir temperature (254 °F), liquid is transformed to
vapor. Since there is now a higher amount of gas in the reservoir and gas is less
viscous than condensate, a higher volume of gas flows out of the reservoir,
contributing to higher flow rates of gas and condensate (since revaporized gas will
condense into condensate again at standard conditions). Finally, simulation run stops

because of the liquid load up in the wellbore prevents the gas and condensate to flow.

Phase Plot: Sample ZI
mppe 2. Critical Point =& 7I: Fixed Vapor Fraction Line {V= 0.50)
=EeE=21: Dew line
— 71 Ruhhie lins
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T T T S o B
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Figure 5.5: Phase behavior of the gas-condensate reservoir fluid system.

At the end of the production, the cumulative gas production is 19.22 Bscf, and
cumulative condensate production is 278.02 MSTB. This means that only 20% of
condensate and 91% of hydrocarbon gas is recovered. We can see that commingle

production does not effectively recover condensate and gas from the reservoir.
Scenario 2:

In this scenario, the top reservoir is set to produce until fully depleted and then
shut off. After that, the bottom reservoir is opened in sequence. Therefore, in this

scenario there is no cross flow. The gas and condensate production rate is shown in
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Figures 5.6 and 5.7. At early times, gas production rate is constant while the bottom
hole pressure declines (see Figure 5.8).

At the beginning, the maximum gas production rate is specified at 10
MMscf/d, the gas production rate maintains to produce at 10 MMscf/d until 639 days.
Then, it declines dramatically to the gas production of 1004 Mscf/d and stops. The gas
rate does not reach the economic limit of 500 Mscf/d because there is not enough
bottomhole pressure to lift the fluid to the surface. At this point, the final bottomhole
pressure is 259 psia as shown in Figure 5.8. Then, the top reservoir is shut, and the
bottom reservoir is perforated. The bottom reservoir produces for another 518 days.
After that, it starts to decline significantly. At 2764 days, the well dies even when the
gas flow rate is higher than 2 MMscf/d due to the fact that production of water as a
result of connate water expansion in the reservoir results in an increase in hydrostatic
pressure. As shown in the vertical lift performance curve in Figure 5.9, the required
bottomhole pressure at gas rate of 2.4 MMscf/d is more than 400 psia which is higher
than the final bottomhole pressure shown in Figure 5.8. Thus, the well stops
producing at this point. The cumulative production for gas and condensate are 18.96
Bcf and 453.55 MSTB, respectively.

Gas Production Rate
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Figure 5.6: Gas production rate for Scenario 2
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Figure 5.7: Condensate production rate for Scenario 2
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Figure 5.8: Pressure vs time for Scenario 2
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Figure 5.9: VLP of the gas-condensate reservoir fluid system.

Scenario 3:

In this scenario, the top most reservoir is set to produce until the gas rate
reaches the economic limit. Then, the bottom layer is perforated while the top layer is
still open. The gas and condensate production rate is shown in Figures 5.10 and 5.11,
respectively.

The gas production rate can be maintained at 10 MMscf/d until 639 days.
Then, it declines dramatically to the gas production of 1009 Mscf/d and stops. The gas
rate does not reach the economic limit of 500 Mscf/d because the bottomhole pressure
as shown in Figure 5.12 is not sufficient to lift the fluid to the surface. Up until this
time, the production and pressure profiles are the same as those in Scenario 2. Then,
the bottom reservoir is perforated. The bottom reservoir produces for another 517
days. After that, the gas rate starts to decline significantly. At 2413 days, the well dies
at bottom pressure of 688 psi which is not sufficient to lift the fluids to the surface.
The cumulative production for gas and condensate are 17.7 Bcf and 453.35 MSTB,

respectively.
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Scenario 4:

In this scenario, the top most reservoir is set to produce until the gas rate
reaches half of the initial gas production rate at 5000 Mscf/d. Then, the bottom layer
is perforated while the top layer is still left open. The gas and condensate production
rate is shown in Figures 5.13 and 5.14, respectively.

The gas production rate can be maintained at 10 MMscf/d until 639 days.
Then, it declines dramatically to the gas production of 5,500 Mscf/d. Then, bottom
reservoir is perforated before the rate falls below 5,000 Mscf/d in the next time step
while the top reservoir is still opened. Up until this point, the production and pressure
profiles are the same as those in Scenarios 2 and 3. Then, the bottom reservoir helps
increase the gas production back to the plateau rate of 10 MMscf/d for another 341
days. After that, the gas rate starts to decline again. When the bottom reservoir starts
to flow, condensate production stops for a while because gas from the lower reservoir
flows into the upper reservoir as the lower reservoir has higher pressure than the
upper reservoir. This crossflow stops at a later time as the pressures of the two
reservoirs equalize. After that, condensate from the upper reservoir starts flowing
again. However, the condensate production rate drops due to a change in composition
of the fluids in the upper reservoir as dry gas from the lower reservoir mixes with gas
condensate in the upper reservoir.

At 3105 days, gas production rate is still 1353 Mscf/d but stops flowing. It
does not reach the gas production rate economic limit because the bottom pressure as
shown in Figure 5.15 is not high enough to lift fluids consisting gas, condensate and
some connate water production. The bottomhole pressure required for vertical lift
performance is similar to the ones shown in Figure 5.9. The cumulative production for

gas and condensate are 19.81 Bcf and 455.38 MSTB, respectively.
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Figure 5.13: Gas production rate for Scenario 4
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Figure 5.14: Condensate production rate for Scenario 4
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Figure 5.1 Pressure vs time for Scenario 4
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Scenario 5:

In this scenario, the top reservoir is perforated first and set to produce until the
gas rate starts to drop below the production plateau of 10 MMscf/d. Then, the bottom
layer is perforated while the top layer is still open. The gas and condensate production
rate is shown in Figures 5.16 and 5.17, respectively.

The gas production rate can be maintained at 10 MMscf/d until 639 days in the
same manner as in Scenarios 2, 3, and 4. Then, it declines to the gas production of
9,789 Mscf/d. At this point, bottom reservoir is perforated while the top reservoir is
still opened. The bottom reservoir produces at the plateau rate of 10 MMscf/d for
another 528 days. After that, it starts to decline significantly. Similar to Scenario 4,
when the bottom reservoir starts to flow, condensate production stops for a while
because gas from the lower reservoir flows into the upper reservoir as the lower
reservoir has higher pressure than the upper reservoir. This crossflow stops at a later
time as the pressures of the two reservoirs equalize. After that, condensate from the
upper reservoir starts flowing again. However, the condensate production rate drops
due to a change in composition of the fluids in the upper reservoir as dry gas from the
lower reservoir mixes with gas condensate in the upper reservoir.

At 3163 days, the well stops flowing and does not reach the economic limit of
500 Mscf/d because the bottom pressure is equal to as shown in Figure 5.18 is not
sufficient to lift the fluids to the surface. At this point, gas production rate is 1038
Mscf/d while condensate production rate is 40.08 STB/d. The bottomhole pressure
required for vertical lift performance is similar to the ones shown in Figure 5.9. The
cumulative production for gas and condensate are 19.95 Bcf and 431.92 MSTB,
respectively.
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Scenario 6:

In this scenario, the bottom reservoir is perforated first and is set to produce
until the gas rate reaches half of the initial gas production rate at 5000 Mscf/d. Then,
the top layer is perforated while the bottom layer is still opened. The gas and
condensate production rate is shown in Figures 5.19 and 5.20.

The gas production rate maintains to produce at 10 MMscf/d until 520 days.
Then, it declines dramatically to the gas production of 5,284 Mscf/d. Then, top
reservoir is perforated while the bottom reservoir is still opened. The top reservoir
produces for another 462 days. After that, gas rate starts to decline tremendously. As
shown in Figure 5.21, condensate production is initially high and then drops rapidly.
At 2720 days while gas production rate is 1646 Mscf/d and condensate production
rate is 56.36 STB/d, the well stops flowing because the bottomhole pressure is not
enough to lift the fluids to the surface. The bottomhole pressure required for vertical
lift performance is similar to the ones shown in Figure 5.9. The cumulative production
for gas and condensate is 19.05 Bcf and 366.8 MSTB, respectively. The cumulative
condensate production is less than those in Scenarios 2 to 5 because the bottom
reservoir is perforated first; thus, there is not enough gas to lift the condensate to

surface at late times.



Gas Production Rate
12000
10000
8000
a
S 6000
€
4000
2000
0 4
0 500 1000 1500 2000 2500
Time [Days)
Figure 5.19: Gas production rate for Scenari
Condensate Production Rate
1400 C 3}

3000

1200

1000

g g
Adadsiisiias B ds . g

200

oRe T

]

Figure 5.2(: Condensate production rate for Scena

3000

59

#FGPR (MSCF/DAY)

# FOPR (STB/DAY)



60

Pressure vs Time

# Well Bottomhole Pressure (PS14)

B Well Tubing Head Pressure (PSIA)

o 500 1000 1500 2000 2500 3000
Time (Days)

Figure 5.21: Pressure vs time for Scenario 6
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Scenario 7:

In this scenario, the bottom reservoir is perforated first and set to produce until
the gas rate starts to drop below the production plateau of 10 MMscf/d. Then, the top
layer is perforated while the bottom layer is still open. The gas and condensate
production rate is shown in Figures 5.22 and 5.23.

The gas production rate maintains to produce at 10 MMscf/d until 520 days.
Up until this point, the production and pressure profiles are the same as those in
Scenario 6. Then, top reservoir is perforated while the bottom reservoir is still opened.
The top reservoir produces for another 671 days. After that, gas rate starts to decline
dramatically. As shown in Figure 5.24, condensate production is initially high and
then drops rapidly, similar to the Scenario 6. The well finally dies at 2676 days while
gas production rate is 1500 Mscf/d and condensate production rate is 44.02 STB/d. At
this point, it stops flowing because the bottomhole pressure as shown in Figure 5.24 is
not enough to lift the fluids to the surface. The final pressure is 282 psi. The
bottomhole pressure required for vertical lift performance is similar to the ones shown
in Figure 5.9. The cumulative production for gas and condensate is 19.15 Bcf and
352.82 MSTB respectively. The cumulative condensate production is less than those
in Scenarios 2 to 5 because the bottom reservoir is perforated first; thus, there is not

enough gas to lift the condensate to surface at late times.
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Table 5.2 Summary of results for base case
Scenario Production Production Total Cumulative Cumulative | Gas RF | Conden
time in 1% time in 2" | Production gas condensate (%) sate RF
batch batch Time production production (%)
perforation perforation (BCF) (MSTB)
(days) (days)
1 2720 = 2720 19.25 278.49 91.10 19.72
2 1614 1147 2761 18.96 453.55 89.73 32.12
3 1612 800 2412 17.7 453.35 83.77 32.10
4 930 2175 3105 19.81 455.38 93.75 32.25
5 653 2519 3172 19.95 431.92 94.42 30.59
6 790 1931 2721 19.05 366.8 90.16 25.97
7 524 2153 2677 19.15 352.82 90.63 24.98

Table 5.3: BOE for base case

Scenario

BOE (MMSTB)

1

3.487

3.614

3.404

3.758

3.758

3.542

N OO~ WIN

3.545




64

In summary, Table 5.2 indicates the cumulative gas production and cumulative
condensate production, as well as recovery factor for gas and gas condensate. As
observed from the table, the best perforation strategy is Scenario 4 since it yields the
highest condensate recovery factor of 39%. Although the gas recovery factor of
93.75% in Scenario 4 is not the highest, it is only slightly lower than the highest one
(94.42%) in Scenario 5. On the other hand, the condensate recovery factor of Scenario
5 is only slightly lower than that in Scenario 4. Scenario 4 is to perforate the top
reservoir first until gas production rate reaches half of initial production rate and then
perforate the bottom layer while keeping the top zone open while Scenario 5 is similar
to Scenario 4 except that the lower zone is perforated when the gas production rate
just drops below the plateau rate. The reason for these two scenarios to give the
highest condensate recovery is because the gas from the bottom reservoir helps to lift
the condensate fluid to the surface.

In terms of barrel of oil equivalent, Scenario 4 and 5 yields the same values as shown
in Table 5.3. Thus, perforating the lower zone after the upper zone while the gas rate
is still higher than half the original rate is recommended.
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5.2 Effect of Thickness

In this section, the thickness of both reservoirs is varied to 50 feet and 25 feet,
which is smaller than the original thickness of 100 feet. The results of simulation
runs are shown in Tables 5.4 - 5.7.

Table 5.4: Summary of results for reservoir thickness 50 feet

Scenario | Production | Production | Total | Cumulative | Cumulative Gas | Condensate

ti”k‘)eti”hlst timbe i”h2”d Time gas condensate | RF RF

atc atc - i
perforation | Perforation pr(zgtcj:cél)on pr(cl\)/(ljg_lcigc))n (%) (%)
(days) (days)

1 1,116 - 1,116 9.01 126.39 85.28 17.92
2 590 249 839 8.93 199.29 84.54 28.25
3 590 549 1139 6.82 205.06 64.56 29.07
4 480 250 730 6.73 194.90 64.75 27.62
5 337 332 669 6.63 178.37 62.75 25.28
6 276 306 582 5.81 103.85 54.99 14.72
7 276 306 582 5.80 103.80 54.90 14.71

Table 5.5:BOE for reservoir thickness 50 feet
Scenario BOE(MMSTB)

1 1.628
1.688
1.342
1.317
1.283
1.072
1.071

NoO|oh~WN

Table 5.6: Summary of results for reservoir thickness 25 feet

Scenario | Production | Production | Total Cumulative Cumulative | Gas Condensate
timein 1% | timein 2" | Time gas condensate | RF RF
batch batch production production
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(days) (days) (BCF) (MSTB) (%) (%)
1 813 813 454 53.51 62.84 24.38
2 444 288 732 4.18 102.02 79.11 28.93
3 444 423 867 4.62 113.26 87.48 32.12
4 541 680 1221 4.63 111.24 87.82 31.55
5 333 488 821 4,58 102.42 86.79 29.05
6 359 473 832 450 87.54 85.26 24.82
7 242 570 812 454 64.10 88.36 18.43

Table 5.7:BOE for reservoir thickness 25 feet
BOE (MMSTB)

Scenario

1

0.809

0.798

0.883

0.884

0.866

0.838

N[OOI WIN

0.822
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The results in Table 5.4 indicate that the best perforation strategy in terms of
maximizing condensate production for reservoir thickness of 50 feet is Scenario 3
which is to perforate the top reservoir first and produce until the gas production
reaches the economic limit then perforate bottom reservoir later. This scenario gives
the highest condensate production because the gas from bottom reservoir helps to lifts
the condensate fluid to be able to produce at the surface. The reason that the best
strategy of condensate for reservoir thickness of 50 ft is Scenario 2, not Scenario 4 as
in the case of 100-feet reservoir, is because thinner lower reservoir contains less
amount of dry gas. If the lower reservoir is perforated early, there is not enough gas to
lift fluids at late time. Thus, perforating the lower dry gas reservoir at the time when
the production of the upper gas condensate reservoir is low is a good idea.

However, when BOE is used as a criterion, Scenario 2, which is to perforate
each zone separately, is the best strategy as illustrated in Table 5.5 due to the fact that
this strategy can recover more gas from the reservoir system. In Scenario 2, the lower
gas reservoir does not stop short in the production of gas as there is no condensate to
increase the hydrostatic pressure in the wellbore during the stand alone production
from the lower reservoir.

Results of reservoir thickness of 25 feet in Table 5.6 show that the best
perforation strategy to recover condensate is Scenario 3. The reason that this scenario
gives the highest condensate production is the same as the one for reservoir thickness
of 50 feet. Delaying the perforation of the lower dry gas reservoir helps persevere the
amount of gas in the lower reservoir to lift condensate at late time when the energy
from upper reservoir is low. When BOE is used as a criterion, Scenario 3 is still the
best strategy as illustrated in Table 5.7.

5.3 Effect of permeability
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In this section, the permeability is lowered from 500mD in the base case to

100 mD and and 20 mD. The results of the study are shown in Tables 5.8-5.11.

Table 5.8: Summary of results for permeability of 2100 mD for both top and bottom

reservoirs
Scenario | Productio | Productio | Total | Cumulative | Cumulative Gas | Condensat
ntime in ntimein | Time gas condensate| RF e RF
1* batch 2" batch production | production (%) (%)
(days) (days) (BCF) (MSTB)
1 2,507 - 2,507 18.53 258.76 87.67 18.32
2 1,524 1,210 2,734 18.60 420.43 88.02 29.77
3 1,524 2,207 3,731 19.93 490.41 94.33 34.73
4 929 2,353 3,282 19.82 436.31 93.8 30.9
5 615 2,570 3,185 19.83 408.05 93.87 28.90
6 794 1,856 2,65( 18.64 358.73 88.20 25.40
7 519 2,072 2,591 18.68 339.25 88.41 24.02

Table 5.9:BOE for permeability of 100 mD for both top and bottom reservoirs

Scenario

BOE (MMSTB)

1

3.347

3.521

3.813

3.741

3.715

3.466

N[O A~IWN

3.453

Table 5.10: Summary of results for permeability of 20 mD for both top and

bottom reservoirs

Scenario | Production | Production Total Cumulative | Cumulative Gas Condensate
timein 1% | timein2" | Time gas condensate | RF RF
batch batch production production (%) (%)
(days) (days) (BCF) (MSTB)
1 2,379 - 2,379 16.97 214.42 80.33 15.18
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)

2 2,295 2,051 4,346 18.75 379.66 88.75 26.84
3 2,295 2,395 4,690 19.39 429.41 91.77 30.41
4 782 2,899 3,681 19.35 338.89 91.56 24.0
5 105 2,432 2,537 17.35 235.62 82.13 16.69
6 721 1,758 2,479 16.64 299.21 78.74 21.29
7 402 1,961 2,363 16.79 264.33 79.45 18.72

Table 5.11:BOE for permeability of 20 mD for both top and bottom reservoirs

Scenario

BOE (MMSTB)

1

3.044

3.506

3.662

3.564

3.129

3.073

N OO~ WIN

3.063
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The results in Table 5.8 indicates that the best perforation strategy for
condensate production for reservoir permeability of 100 mD is Scenario 3 which is to
perforate the top reservoir first and produce until the gas production reaches half of
initial gas production rate then perforate bottom reservoir later. This scenario gives
the highest condensate production because the gas from bottom reservoir helps to lifts
the condensate fluid to be able to produce at the surface. The reason that the best
strategy for reservoir permeability of 100 mD is Scenario 3, not Scenario 4 as in the
case of 500-mD reservoir, is because fluids flow more slowly in lower permeability
reservoir. Thus, it takes time for gas condensate to flow out of the top reservoir. If the
bottom reservoir is perforated too early, there is not enough gas to lift condensate at
late time as condensate still flows out of the reservoir at late time. Thus, perforating
the lower dry gas reservoir at the time when the production of the upper gas
condensate reservoir is low is a good idea. When BOE is used as a criterion, Scenario
3 still gives the highest number as shown in Table 5.9.

Results of reservoir permeability of 20 mD in Table 5.10 show that the best
perforation strategy to recover condensate is also Scenario 3, which is to perforate the
top reservoir first until the gas rate reaches the economic limit and then perforate the
bottom reservoir. The reason that this scenario gives the highest condensate
production is the same as the one for reservoir permeability of 100 mD which is
because delaying the perforation of the lower dry gas reservoir helps persevere the
amount of gas in the lower reservoir to lift condensate at late time as condensate takes
longer time to produce in low permeability reservoir. When BOE is used as a
criterion, Scenario 3 still gives the highest number as shown in Table 5.11.

In summary, reservoir permeability has the effect on production strategy to
optimize condensate production. As the permeability decreases, we should delay the
perforation of the lower zone until the production of the upper zone reaches economic
limit or until the upper zone cannot produce by itself anymore in order to preserve the
amount of gas in the lower reservoir to be used to lift condensate at late times.
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CHAPTER VI
CONCLUSION

This chapter summarizes results of reservoir simulation runs to determine the
best perforation strategy for multi-layered gas condensate and dry gas reservoirs. The
effects of formation thickness and layer permeability are also summarized.

The model consists of 2 sets of reservoirs which aregtgcondensate
reservoir and bottom dry-gas reservoir having the same rock properties. The reservoir
model is built using single well model. There are 4 major cases in this study. The first
case is where two reservoirs in the model are under depletion drive mechanism. The
second and third cases are when the thickness and permeability of the reservoir are
varied homogenously in a reservoir. The last case of this study is the variation in term
of size of the aquifer that drives the reservoir.

In total, 7 perforation strategies are investigated to determine which one is the
best strategy for different reservoir systems. To summarize in short, we can group the
seven approaches into 3 main ideas:

1. Concurrent perforation: This scenario is designed to perforate both

reservoirs all at once and produce them together.

2. Standalone perforation: This criterion allows the top reservoir to be
produced until fully depleted then shut off. Later the bottom reservoir is
perforated.

3. Time lapse perforation: In case of top reservaoir, the criteria to perforate the
second zone can be classified into 3 cases as follows:

1. Fully depleted. This criterion allows the gas production from the first
producing layer to reach the economic limit before perforating the next
layer.

2. Half depleted. This criterion allows the next layer to be performed
whenever the flow from the current layer drops to half of the initial

flow rate.
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3. Maintain production plateau: This criterion allows the next reservoir to
be perforated once the production from the current layer drops just
below the initial production rate.

In case of bottom reservoir, the criteria to perforate the second zone
can be classified into 2 cases as follows:

1. Half depleted. This criterion allows the next layer to be
performed whenever the flow from the current layer drops to
half of the initial flow rate.

2. Maintain production plateau: This criterion allows the next
reservoir to be perforated once the production from the current
layer drops just below the initial production rate.

The results of the simulation are compared in term of cumulative gas and gas

condensate production, time of production and recovery factor.

1.

Based on the study results, the result can be summarized as follows:

For two-layer reservoirs with depletion-drive gas-condensate reservoir on top
and dry-gas reservoir at the bottom having permeability of 500 mD and
thickness of 100 ft, the best perforation strategy to maximize condensate
production and barrel of oil equivalent is Scenario 4 which is to perforate the
top reservoir first until gas production rate reaches half of initial production
rate and then perforate the bottom layer while keeping the top zone open. The
reason is because the gas from the bottom reservoir helps to lift the condensate
fluid to the surface. Thus, perforating the lower zone after the upper zone

while the gas rate is still higher than half the original rate is recommended

Reservoir thickness has the effect on perforation strategy to optimize
condensate production. As the thickness of the gas condensate and dry gas
reservoir decreases, we should delay the perforation of the lower zone in order
to preserve the amount of gas in the lower reservoir to be used to lift
condensate at late timds this case study, the best perforation strategy to

optimize condensate production for reservoir thickness of 100 feet is Scenario
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4 which is commingle after top zone production decreases by half while the
best strategy for thickness of 50 and 25 feet is Scenario 3 which is commingle

after top zone depletes.

However, in term of barrel of oil equivalent, Scenario 4 is best for thickness of
100 and 20 ft while Scenario 2 is best for thickness of 50 ft. For the thickness
of 50 ft, the gas from the lower reservoir in Scenario 2 can be fully depleted
whereas other scenarios do not allow full depletion of lower gas reservoir due

to higher hydrostatic pressure in tubing as a result of condensate production.

. Reservoir permeability has the effect on perforation strategy to optimize
condensate production and barrel of oil equivalent. As the permeability of the
gas condensate and dry gas zones decreases, we should delay the perforation
of the lower zone in order to preserve the amount of gas in the lower reservoir
to be used to lift condensate at late tinasscondensate takes longer time to
produce in low permeability reservoir. In this case study, the best perforation
strategy to maximize condensate recovery for reservoir permeability of 500
mD is Scenario 4 which is which is commingle after top zone production
decreases by half while the best strategy for permeability of 100 and 20 mD is
Scenario 3 which is to perforate the top reservoir first and produce until the
gas production reaches half of initial gas production rate then perforate bottom

reservoir later.
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APPENDIX A

A-1) Reservoir model
Two reservoir models (dry gas reservoir and gas-condensate reservoir) are
generated by entering required data into ECLIPSE 300 reservoir simulator. The

reservoir model consists of 25x25x11 blocks in the x-, y-, and z- directions.

A-2) Case Definition
Simulator: Compositional
Model Dimensions: Number of cells in the x direction 25
Number of cells in the y direction 25
Number of cells in the z direction 11

Grid type: Cartesian

Geometry type: Block Centered

Oil-Gas-Water Options: Water, gas condensate (ISGAS)
Number of components: 10

Pressure saturation options (solution type): AIM

A-3) Reservoir properties
Grid

Properties: Active grid blocks:

Gas Condensate reservoir X, Y, Z = 25, 25, 1-5
Dry gas reservoir X\ Y, Z = 25, 25, 7-11
Inactive grid blocks: X\ Y, Z2 = 25,25,6

Porosity = 0.20
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Permeability k-x = 500 mD
k-y = 500 mD
k-z = 5 mD
X Grid block sizes (All X = 1-25) = 80ft
Y Grid block sizes (All Y = 1-25) = 80ft
Z Grid block sizes (forZ=1-5and 7-11) = 20 ft
Z Grid block sizes (for Z = 6) = 100 ft
Depth of Top face (Top layer) = 6,000 ft
PVT Table
Fluid densities at surface Oil density 40 Ib/ft
conditions
Water density 63 Ib/ft
Gas density 0.001 Ib/ft
Rock properties Reference pressure 3000 psia
Rock compressibility 4.0E-6 /psi
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Number of component| Number of component 10
Standard condition Standard temperature 60 °F
Standard pressure 14.7 psia
Component names Component 1 CO;
Component 2 Ci
Component 3 C
Component 4 Cs
Component 5 I-Cy
Component 6 n-C,
Component 7 I-Cs
Component 8 n-Cs
Component 9 Cs
Component 10 Cr+
PROPS reporting Oil PVT tables No output
options Gas PVT tables No output

Water PVT tables

No output
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o

Pure component Component CQ 350.46 R
boiling points Component ¢ 200.88 ‘R
(Reservoir EoS) Component ¢ 332.28 ‘R
Component g 415.98 ‘R
Component IG 470.34 ‘R
Component NG 490.86 ‘R
Component Ig 541.80 ‘R
Component Ng 556.56 ‘R
Component ¢ 606.69 ‘R
Component €. 734.08 ‘R
Critical temperature| Component CQ 548.46 ‘R
. Component € 343.08 ‘R
(Reservoir EoS) Component & 549.77 ‘R
Component ¢ 665.64 ‘R
Component I1G 734.58 ‘R
Component N@ 765.36 ‘R
Component 1€ 828.72 ‘R
Component N@ 845.28 ‘R
Component g 913.50 ‘R
Component €, 1061.3 ‘R
Constant reservoir | Initial reservoir 293 °F
temperature temperature
Critical volume Component CQ 1.5057 ft°/Ib-mole
(Reservoir EoS) Component € 1.5698 ft*/Ib-mole
Component ¢ 2.3707 ft/Ib-mole
Component @ 3.2037 ft°/Ib-mole
Component |G 4.2129 ft/Ib-mole
Component NG 4.0847 ft°/Ib-mole
Component |§ 4.9337 ft/Ib-mole
Component N§ 4.9817 ft*/Ib-mole
Component € 5.6225 ft*/Ib-mole
Component @, 7.509 ft/Ib-mole
Overall composition| Component CQ 1.2302 %
for region 1 Component € 59.991 %
Component ¢ 8.4326 %
Component @ 6.3988 %
Component I¢ 3.4127 %
Component N¢ 3.8989 %
Component Ig 1.4286 %
Component Ng 1.3988 %
Component @ 7.2718 %
Component . 6.5366 %
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Critical pressure
(Reservoir E0S)

Component CQ 1071.3 psia
Component € 667.78 psia
Component € 708.34 psia
Component @ 615.76 psia
Component I1G 529.05 psia
Component N¢ 550.66 psia
Component IG 491.58 psia
Component N 488.79 psia
Component @ 436.62 psia
Component &, 403.29 Psia

Equation of State
(Reservoir E0S)

Equation of State
Method

PR (Peng-Robinson)

Molecular weights | Component C© 44.01
(Reservoir EoS) Component € 16.043
Component @ 30.07
Component @ 44.097
Component |G 58.124
Component N 58.124
Component Ig 72.151
Component Ng 72.151
Component @ 84
Component &. 115
Acentric factor Component C® 0.225
(Reservoir E0S) Component € 0.013
Component ¢ 0.0986
Component @ 0.1524
Component IG 0.1848
Component N¢ 0.201
Component I§ 0.227
Component Ng 0.251
Component @ 0.299
Component &, 0.38056




A-5) SCAL

T o X =
3

e

Gas/Oil relative permeabilities
where:
is relative permeability to gas
is relative permeability to oil
is relative permeability to water
Is saturation of water
is saturation of gas

is capillary pressure

Sq qu kro
0 0 0.897
0.03515 7.63E-05 0.705923
0.0703 0.00061 0.544104
0.10545 0.002059 0.409125
0.1406 0.00488 0.298553
0.17575 0.009531 0.209941
0.2109 0.01647 0.140865
0.24605 0.026154 0.0889
0.2812 0.03904 0.051603
0.31635 0.055586 0.026534
0.3515 0.07625 0.011275
0.38665 0.101489 0.003398
0.4218 0.13176 0.000433
0.45695 0.167521 0
0.4921 0.20923 0
0.52725 0.257344 0
0.5624 0.31232 0
0.59755 0.374616 0
0.6327 0.44469 0
0.66785 0.522999 0
0.703 0.61 0
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Gas/Water relative permeabilities

SN krw kI’O
0.297 0 0.897
0.319026 1.76E-05 0.769065
0.341051 0.000141 0.653913
0.363077 0.000476 0.55087
0.385102 0.001128 0.459264
0.407128 0.002203 0.378422
0.429154 0.003807 0.307671
0.451179 0.006045 0.246339
0.473205 0.009024 0.193752
0.49523 0.012849 0.149238
0.517256 0.017625 0.112125
0.539282 0.023459 0.081739
0.561307 0.030456 0.057408
0.583333 0.038722 0.038459
0.605358 0.048363 0.024219
0.627384 0.059484 0.014016
0.649410 0.072192 0.007176
0.671435 0.086592 0.003027
0.693461 0.102789 0.000897
0.715486 0.12089 0.000112
0.737512 0.141 0

1 1 0
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A-6) Initialization Equilibration

84

Equilibration | Keywords EQUIL(Equilibrium Data Specification)
Region
EquilReg 1 Equilibrium Data | Datum Depth 6,000 ft
Specification
Pressure at Datum 2,600 psia
Depth
Oil-Water Contact 9,000 ft
EquilReg 2 Equilibrium Data | Datum Depth 6,200 ft
Specification Pressure at Datum 2,685 psia
Depth
Oil-Water Contact 9,000 ft
Region/Array
Initial Water Saturation (SWAT) 0.297
Initial Gas Saturation (SGAS) 0.703
Initial Pressure 2,600 psia
Dewpoint Pressure 2,448 psia
A-7) Region
Keywords Region Cell
X Y Z
Equilibration 1 1-25 1-25 1-5
Region Numbers 2 105 125 711
EOS Region 1 1-25 1-25 1-5
Numbers 2 1-25 1-25 7-11
FIP Region 1 1-25 1-25 1-5
Numbers 2 1-25 1-25 7-11




A-8) Schedule

Production Well
Well Specification (PROD) [WELSPEC]

Well PROD
Group -

| Location 13

J Location 13
Datum depth 6,000 ft
Preferred Phase Gas
Inflow Equation STD
Automatic Shut-In instruction Shut
Cross Flow Yes
Density calculation SEG
Type of Well Model STD

Well Comp Data (PROD) [COMPDAT] (Top Reservoir)

Well PROD

K Upper 1

K Lower 5

Open/Shut Flag Open

Well bore ID 0.5520833 ft.

Direction

Z
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Well Comp Data (PROD) [COMPDAT] (Bottom Reservoir)

Well PROD

K Upper 7

K Lower 11
Open/Shut Flag Open

Well bore ID 0.5520833 ft.
Direction Z

Production Well Control (PROD) [WCON

PROD]

Well PROD
Open/Shut Flag Open

Control GRAT

Gas rate 10000 MSCF/D
THP target 100 psia

VFP Pressure Table 1

Production Well Economics Limits [WEC

ON]

Well PROD
Minimum oil rate -

Minimum gas rate 500 MSCF/D
Workover procedure None

End run YES
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APPENDIX B

B-1) Effect of Thicknes:

Gas Production Rate

12000
10000
A
8000
=
“E 6000 BT 100 ft
E AT S0 ft
4000 T 25 ft
2000
8]
8] 500 1000 1500 2000 2500 3000
Time (Days)
Figure B.1: Gas productionate in case of thickness variation in Scena
Condensate Production Rate
450
400
T 100 ft
BT S50 ft

AT 25t

1500 2000 2500 3000
Time (Days)

Figure B.2: Condensateroduction rate ircase of thickness variation Scenario 1
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Gas Production Rate
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Figure B.3: Gas productionate in case of thickness variation in Scena
Condensate Production Rate
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Figure B.4: Condensate productioate incase of thickness variation iicenario 2
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Gas Production Rate

12000
10000
2000
>
"E 000 #T 100 ft
BT 50t
4000 AT IS ft
2000
A
o +
o 200 400 600 300 1000 1200 1400 1600 1800
Time [Days)
Figure B.5: Gas productionate in case of thickness variation in Scena
Condensate Production Rate
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Figure B.6: Condenste production rate in case oftkness variation incenario 3
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Gas production rate
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Figure B.7: Gas productionate in case of thickness variation in Scena

Condensate Production Rate
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Figure B.8: Condensate productioate incase of thickness variation iicenario 4
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Gas Production Rate
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Figure B.9: Gas jroduction ate in case of thickness variation in Scena
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Figure B.10: Condensate productioate incase of thickness variation iiccenario 5
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Gas Production Rate
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Figure B.11: Gas productionate in case of thickness variation in Scena
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Figure B.12: Condensate productioate in case of thicknessriation in cenario 6
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Gas Production Rate
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Figure B.13: Gas productionate in case of thickness variation in Scena
Condensate Production Rate
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Figure B.14: Condensate productioate incase of thickness variation ilcenario 7



94

Gas Production Rate

12000

#PS00OMD

Mscf/D
:

BP100MD

APZOMD

o 200 400 600 800 1000 1200 1400 1600
Time (Days)

Figure B.15: Gas productionate in case of permeability variation in Scena
Condensate Production Rate
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Figure B.16: Condensate productioate in cas of permeability variation incenario
1
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Gas Production Rate
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Figure B.17: Gas Production Rate in case of permeability variation in Scer

Condensate Production Rate

1400
1200
1000
800
=]
E‘ P 500 MD
w
500 HP 100 MD
AP 20MD
400
200

0 500 1000 1500 2000 2500
Time (Days)

Figure B.18: Condensate productioate in case of permealbylivariation in {cenario
2
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Gas Production Rate
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Figure B.19: Gas productionate in case of permeability variation in Scena
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Figure B.20: Condensate productioate in cas of permeability variation incenario
3
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Gas Production Rate
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Figure B.21: Gas productionate in case of permeability variation in Scena
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Figure B.22: Condensate productioate in cas of permeability variation incenario
4
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Gas Production Rate
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Figure B.23: Gas productionate in case of permeability variation in Scena
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Figure B.24: Condensate productioate in cas of permeability variation incenario
5
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Gas Production Rate
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Figure B.25: Gas productionate in case of permeability variation in Scena
Condensate Production Rate
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Figure B.26: Condensate productioate in cas of permeability variation incenario
6
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Gas Production Rate
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Figure B.27: Gas productionate in case of permeability variation in Scena
Condensate Production Rate
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Figure B.28: Condensate productioate in cas of permeability variation incenario
7

B-2) Vertical Flow Performance (VFP

The vertical flow performance cuts are generated by production and sys
performance analysis software (PROSPER) in order to put the proper p
traverse calculations in the simulation ce
VEP NO.1



Well name

Fluid

Fressure (psigl

24000

: PROL

: Concentration of each composit

YLP (TUBING) CURVES (PROD 0410913 12.02:43)
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Varigbles

et e

10000

(325 Rate (Mscflday)

FVT Method Eq. of State
Fluid Condensste
Flow Type Tubing
Well Type Producer
Adificisl Lift
Lift Type
Predicting Pressure and Temperature (offshore)
Temperature Model Rough Approximation
Company
Field
Location

Vel 300

Battom Messured Depth 60000 (fesf]
Botiom True Vertical Depth 60000 (feet]

Surface Equipment Conelation Fancher
Vertical Lift Conelation Duns and

riginal

First Node 1mas Tre= 0 (feet]
Lest Node 4 Tubing 80000 (feet)




Fressure (psig)

VLP (TUBING) CURVES (PROD 05/07/13 22.09:44)

X.5825

¥:1503

2400)

1800f....

Variables

0=100.00
1=500.00
2=1000.00
3=1500.00

1200 .
800) . .
1 i i
0 H H H

0 5000 10000 15000 20000

Well FROD

zasured Depth €000.0 (Feet)

True Vertical Depth 8000.0 (feet)

Surface Equipment Comelation
Vestical Lift Conelation riginal
First Mode 1 Xmas Tree 0 (feet]

Last Node 4 Tul

Q000 fet)
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