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CHAPTERI

INTRODUCTION

Many different perforation/production strategies are applied in the recovery of
hydrocarbons from petroleum reservoirs. These strategies vary from field to field and
well to well. There are several factors that @ifect.on perforation/production strategy.
However, this study focuses.en performarnce of different perforation strategies for
multilayered gas reservoirs in«order to.maximize the recovery of hydrocarbons and
with minimize the waterproduction:

Multilayered gasfeservoirs in the Gulf of Thailand (GoT) are generaly
dominated by fluvio-Celtaic sands. Theréfore, a single area may consist of a large
number of single resevoirs: Trapping is generally achieved in faulted anticlines or
sand lens structures. Thebasins are generaiyly- gas prone, mainly with the result from
high heat flows and deep burial depths*':'l:h@re are two types of reservoir drive
mechanisms in the gas fields in the GoT; vc)lrurp_etric-depl etion drive and water drive.
Thisis because of multiple depositional envi rbnMent of the basin.

Two reservoii sand types mostly can be found ia the GoT; bar or channel
sands. The bar sands_are thinner than the channel sands. The bar sands have been
found with both aquifersupport and withoutr aquifer support. The channel sands are
typically thicker than the bar sands and mainly suppart by/aquifers.

In bar sands type reservoir, the porosity for the bar sand is less than the
channél, sands'at thé same depth. The poresity isiranging from-(8-25%) and (1md-
10D) for the permeability. The thickness for the bar sand is ranging from (1-20
meters) (3-60 feets). The porosity for the channel sand is ranging from (8-30%) and
(1md-10D) for the permeability. The thickness for the channel sand is at the range of
(5-30 meters) (16-100 feets).

In term of fluid flow, these two sand types cannot be distinguished between
each other. There are only thick or thin reservoirs with either volumetric-depletion

drive or water drive mechanisms. The complicated encountered on both bar and



channel sand reservoir’s rock, fluid properties and with different drive mechanisms
creates difficulties for engineers to find optimum perforation/production strategies
when these multiple reservoirs are producing through common wells.

With complicated of the reservoir characteristics, the gas fields in the GoT
gives one of the most chalenging reservoir management aspects for reservoir
engineers due to the multilayered characteristics of the reservoirs in combination with
volumetric-depletion and water drive mechanisms.

The main work to be done under this sitidy.is to predict and eval uate reservoir
performance for different perforation strategies ior-multilayered gas reservoirs using
Integrated Production Modeling ({PM) suite.

1.1 Dissertation.Outline

Chapter II reviews previous works concerni ng with this study.

Chapter 111 discussesthe'hasic theo-r';/-ar_"\d concept in this study.

Chapter IV presents the-description af"igeﬁervoir model, fluid PVT properties
and the characteristics of multilayered gas reservoirsin GoT.

Chapter V summarizes results and analysis.

Chapter-V I diseusses conclusions andgemarks:



CHAPTERII

LITERATURE REVIEW

The following describes previous studies related with multilayered gas
reservoirs and the application of Integrated.Production Modeling in predicting
reservoir performance.

Harms [1] presenied a way to optimize solution by using cooperation of three
engineering teams. resevoir «engineering, production engineering, and facility
engineering. IPM softwaré was used t0 compare the results of various production
options (i.e. well head compression or increase tubing size). The study demonstrates
that IPM can provideintegrated multi-discipline solutions to a gas well problem and
solutions are better than typical single discipline or integrated single point in time
approaches. _

Wang et al. [2] presented a methodél bgy which uses nodal analysis, material
balance, pressure transient analysis, and Integrated Production Modeling (IPM) to
determine reservoir beundary, original fluid |nplace (OHIP), and completion strategy
for one of the reservoirs in West Seno field. Results of _this research indicate that
although reservoir size and OFIP were evaluaied with various methods, the final
results are very similary It. shows successful history matching with IPM and 3D
simulation models.

Tejaswiand Suzanne [3] investigated a best-practice workflow that was
followed in ‘anintegrated Production Modeling(IPM) Study of aTegion in the Cooper
Basin, Australia. The presented procedures improve time efficiency in devel opment of
a surface network model, including rigorous validation of tank, simulation, VLP, IPR
and compressor models.

Raghavan R. [4] investigated methods to determine layer properties, examine
the consequences of selectively stimulating the layers of the reservoir (well
productivity), and methods to predict well performance. Each of these aspects is
examined for both commingled and cross flow systems. This examination aso

permits consideration of the influence of interlayer communication.



Fetkovich et al. [5] presented the performance prediction of multilayered,
depletion-drive gas reservoirs using material balance and radial flow equation. The
study was based on actual field data with no cross flow between each layer and high
contrast between layer permeability. The conclusion is that for multiple depletion
drive gas reservoirs, combining all reservoirs into a single reservoir with average
reservoir propertiesis possible in long term performance prediction.

M.S. Nadar et al. [6] described the development of an integrated production
model (IPM) for Heera offshore oil field, India._Fhe result showed that an integrated
production model of the.Heera field has been-successfully constructed, history
matched and used to optimizedift.gas allocation for increasing oil production.

Jiraratwaro, K. [7}" has' siudied the effect of perforation strategy for
multilayered oil and“gassreservairs using |PM software. He performed history
matching to find-tune the the model and used IPM software to predict future reservoir
performance under diffegent pedforation strafégi es.

Ronasak, M. [8] studied to determire the optimum depletion scenario for
multilayered reservoirs with different dri'gle_ mechanisms using Eclipse reservoir
simulator. His study included compuiter model mg of the reservoirs as well as several
smulation runs to.determifie the effect’ of drive. mechanism on the recovery
performance under Various perforation straiegies:.

Umut Ozdogan et al. [9] presented an Integrated Production Model
construction and forecasting workflow aong with three practical real field
applications fram the Jack-asset)| ecated: in:deepwater Gulf of‘Mexico. Their studies
included the Integrated Production Model construction process consists of five steps:

Step-1 Framing

Step-2 Modeling

Step-3 Static quality check (Reservoir to separator)

Step-4 Initialization (Link surface network to subsurface model)

Step-5 Dynamic quality check followed by forecasting



Chow et al. [10] used IPM to evaluate various artificial lift alternatives and to
guantify the impact of various platform upgrade design parameters, such as separator
capacity, gas injection and completion efficiency of new drills.

Acosta et al. [11] used an IPM within a probabilistic framework to study

various secondary and enhanced recovery mechanisms.
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CHAPTER III

THEORY AND CONCEPT

This chapter covers the basic theories and concepts for this study that included
a brief description of material balance, Darcy’s'Law, IPR, VLP, NODAL analysis,
water influx models and |PMi suite.

The reservoir modeling iechnique is used in this study because it offers
advantage on phenomenen oigas and water flowing in reservoirs, the interaction
between each reservoirsin multilayered reservoirs through the common producing
well(s), and the effect of different drive mechanisms on the performance of the
multilayered reservoirs. This advantagei IS important in order to understand the
behavior of multilayered jsreservoirs and to. determine the optima production /
perforation strategies. The two important ,concepts that are used in the reservoir
modeling are the concepts of (fluid flow in porous media and materia balance.
Understanding the fundamentals of fluid :-f:I_qw in porous media and in pipes is
necessary for optimizing well and reservoir productivity.

The conceptof fluid flow in porous media is based on Darcy’s Law. Darcy’s
Law is an empirical relationship derived for the vertical flow of fluid through packed
sand. The continued usecof this empirical equation to solve complex reservoir
engineering problems.

The material balance equation is one._of the basic.tools in reservoir
engineering. Practically all reservair engineering technigues involve some application
of material balance. Material balance calculation may be used for several purposes. It
can be used to estimate original oil in place (OOIP), original gas in place (OGIP),
predict future reservoir performance and aid in estimating recovery efficiency.

IPR is used for evaluating reservoir deliverability in production engineering.
The IPR curve is a graphical presentation of the relation between the flowing bottom-
hole pressure and flow rate.



NODAL anaysis combining IPR and VLP has been used to anayze the
performance of systems composed of interacting components. It can be applied to
both oil and gaswells.

Many gas and oil reservoirs are produced by a mechanism termed water drive.
Hydrocarbon production from the reservoir and the subsequent pressure drop prompt
a response from the aquifer to offset the pressure decline. This response comes in the
form of a water influx. Water-bearing rocks called aquifers surround nearly all the
hydrocarbon reservoirs. These aquifers may be asubstantially larger than the oil or
gas reservoirs they adjoin-as-io-appearinfinite-in-size, and they may be so small in
Size as to be negligible 1n their eifect on reservoir performance. As reservoir fluids
are produced and reservoir pressure declines, a pressure differential develops from the
surrounding aquifer into theresewvair.

The IPM suite isithe industry standafd for integrated field modeling and production
optimization. Moreover, the togls provide prodUbtion forecasts. The IPM suite which models
the reservoirs, the production and injection wells.and the surface gathering system. Multiple
reservoirs, naturaly and artificially lifted wells, plus single and looped surface pipelines
networks can be handled in an'integrated way. =

3.1 Material Balance

The law of conservation of mass Is the basis of material balance calculations.
Material balance is an accounting of material entering or leaving a system. The
calculation treats the reservair.as a;l arge tank of ymaterial .and-uses quantities that can
be measured to determine the amount 'of a'material-that cannot be directly measured.

The material balance is based on the principle of the conservationof mass:
Mass of fluids originally in place = Fluids produced + Remaining fluids in place

The material balance program uses a conceptua model of the reservoir to
predict the reservoir behavior based on the effects of reservoir fluids production and
gas to water injection. The material balance equation is zero-dimensional, meaning
that it is based on a tank model and does not take into account the geometry of the

reservoir, the drainage areas, the position and orientation of the wells, etc.



Measurable quantities include cumulative fluid production volumes for ail,
water and gas phases, reservoir pressure and fluid properties data from samples of
produced fluid. Material balance calculation may be used for several purposes. They
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 materia balance equation indicates the relative contribution of different drive
mechanisms at work in the reservoir. Materiel balance can be used to predict future
reservoir performance and aid in estimeting reeovery efficiency.

3.2 Material Balance.in Gas Reservoir

Reservoirs containing enly free gas are termed gas reservoirs. Such areservoir
contains a mixture of hydrocarhons Which_exists wholly in the gaseous state. The
mixture may be dry, wet, or condensaie gas depending on the composition and the
pressure and temperature at which the Sccumuiation exists.

Gas reservoirs may have water infll'jx from contiguous water-bearing portion
of the formation or maybe volumetric (i ;“e.,"l""have no water influx). The genera

material balance equation appliéd to a volumetric gasresepvoir isin the form of

C,S, +C
(1_ Sm )

G(Bg—Bgi)+GBgi£ )AB+WeszBg+BWWp (31)

where

B, das farmetion volume factor, ft3/SCF

By = initial gas formation volume factor, ft3/SCF
B, = water formation volume factor, bbl/STB
c, = water isothermal compressibility, psi'1

¢, = formation isothermal compressibility, psi

G = initia reservoir gas volume, SCF



Gp: cumulative gas production, SCF

Ap = change in volumetric average reservoir pressure, psia

S, = Water saturation at initial reservoir conditions, fraction, unitless
W, = water influx, bbl

W, = cumulative produced water, STB

Equation (3.1) is derived by applying the law of conservation of mass to the
reservoir and associated produetion.

For most gas reservoirs, the gas compressibility term is much greater than the
formation and water compressipilities, and the second term on the left-hand side of
Equation (3.1) becomes negligible:

The new equation becomes

G(B, 7By |+ 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 =GB (3.3)

P9

Substituting By into Equation ( 3.3 ), we have

P B P,
[D)_—_g ¥ idJ i 34
D0 1G] (34)

where

p = pressure, psia
p, = pressure at initial reservoir pressure, psia
z =gasdeviation factor or gas compressibility factor, ratio, unitless

z = gasdeviation factor at initial reservoir pressure, ratio, unitless
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Because P, Z and G are congtants for a given reservoir, Equation (3.4)

suggests that a plot of p/z as the ordinate versus G pwouI dyield astraight line with

P

slope=-

y intercept=--

24
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reservoir| then the corresponding Gp equals G, theinitial gasin place.

3.3 Darcy’s Law

The fundamental law of fluid flow in porous media is Darcy’s law. The
mathematical expression developed by Darcy in 1856 states that the velocity of a
homogeneous fluid in a porous medium is proportional to the head (or potential), and
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inversely proportional to the fluid viscosity. For a horizontal linear system, this

relationship is
H )\ OX
where
q = flow rate, cubic centimeter.per second
k = permeability of tHé porous medium, Darcy
A = aiea open to flow; centimeter square
|
U = fluidviseosity, centipoise
(?J = pressure gradient ih)the direction of flow, atm/cm
X [l

For a horizontal radial system thé ifr‘)rdéssjre gradient is positive and Darcy’s
equation can be expressed inthe foltowi ngé_'éneral ized form:

o

Vﬁiz_[h}(@j 36)
=N p)\or ),
where
Or 2 volumetric flow rate at radius r, cubic centimeter per second
Ay - cross-sectional areato flow<at radiusr = 2z¢h, centimeter
square
(%) = pressure gradient at radiusr, atm/cm
\% = apparent velocity at radiusr, centimeter per second

The cross-sectional area at radius r is essentially the surface area of a cylinder.

For afully penetrated well with a net thickness of h.
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3.3.1 Non Darcy Flow

Darcy’ s law only applies to laminar flow situations. Thisis considered to be a
valid assumption for the majority of oil wells wherein in situ velocities even around
the wellbore are relatively low. For gas wells and some very high flow rate (light
crude) oil wells, the volumetric expansion as fluid approaches the wellbore is very
high and this can result in turbulent flow. | n stich cases, we use a modified form of the

Darcy equation, known as the Forchheimer eguation, where we add to the Darcy

. \' - . . .
viscous flow termv . % aguadraiic velocity term-io account for the inertial flow as

O Jp Vs & 5
P RL — Loy 3.7
F ] B (37

where

(?J = pressurg gradient at radi us‘r;-centi meter square
r A

1 = Viscosity, cp

v = apparent velocity at radiusr, centl meter per second
k = permeability, md

B = velocity coefficient, hrt

p = density, b/

3.4 1PR

The flow from the reservoir into the well is known as the Inflow
Performance. The plot of Bottomhole Flowing Pressure versus Producing Rate is
called the Inflow Performance Relationship or IPR or Inflow Curve.

The inflow performance models are listed in the following Table 3.1.
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Table 3.1: Inflow performance model§12]

PR models Oil & Dry & Wet | Retrograde
Gas Gas Condensate

Back Pressure v v
Candn v’ v
Darcy »
Fetkovich v
Forchheimer v v
Jones v v v’
Multi-layer v v’ v’
Multi-rate C & n v v
Multi-rate Fetkowvich A 4
Multi-rate Jones A " v
Modified Isochronal IPR f v v
Petroleum Experts A e
Vogel 7
SPOT B v

Jones inflow pérformance model is used in this study. The Jones equation is a
modified form of Darcy equation, which allows for both Darcy and non-Darcy

pressure drops:-T he Jofes equétion can beexpressed in the form:

(e, @i hsae +bg (3.8)
where
a, b = constant (calculated from reservoir properties), unitless
p, = reservoir pressure, psia
p,, = bottom-hole flowing pressure, psia

g = flow rate at standard condition, STB/day or SCF/day

The required input in this model is
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- gasPVT properties

- initial pressure and temperature
- reservoir permeability

- reservoir thickness

- drainage area

- wellbore radius

- Dietz shape factor

- perforation interval

3.5 Water InfluxeMQodels
Several modelshavebeen devel (I)ped for estimating water influx that is based
on assumptions that descriipe the characteristics of the aguifer. Due to the inherent
uncertainties in the aguifer éharacteristi Ics, all of the proposed models require
historical reservoir performance” data to evaluate constants representing aguifer
property parameters since these are rarely:k-nown from exploration and devel opment
drilling with sufficient accuracy fordi rect:afpplication. The material balance equation
can be used to determine histarical Water;iﬁflux provided original oil-in-place is
known from pore volume estimates. This pie‘r'rﬁits evaluation of the constants in the
influx equations so that-future water influx-rate can-beforecast.
The mathemaiical water influx models [12] that are commonly used in the
petroleum industry include
e pot aguifer
e Schilthuis'steady state
e Hurst modified steady state
e van Everdingen and Hurst unsteady state
— edge-water drive
— bottom-water drive
e Carter—Tracy unsteady state
e Fetkovich method
—radial aquifer

— linear aquifer
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From the above these infux models, Fetkovich steady state model isused in

this study for water drive and combination drive reservoirs.

3.5.1 Hurst-van Everdingen-Odeh

The Hurst-van Everdingen-Odeh model is essentially the same as the Hurst-
van Everdingen-Dake model. The only difference isinstead of entering all the aquifer
dimensions to evaluate aquifer constant and tp constant we enter the values of the
constants as directly. The dimensionless solutions i.e. W, functions are the same as of
the Hurst-van Everdingen Dake method: The assumption in this model is that the rate
and pressure stay constantover.ihe duration of each time step.

n-1
W (t) =10 5 UApW(ott; - 1)), Ro) (39)
j=0 A
where

We= cumulative waterinflux, bbl=,

Rp= outer/inner radius ratio, ratio, unitless

_ ( pjfl B pj+1)
2

o= pressurediffusivity, psi/cp

Ap

U= aquifer constant, bbl/psi

3.5.2 Hurst-van‘Everdingen-Dake

The Hurst-van Everdingen-Dake, model, is-essentially-the same as the Hurst-
van Everdingen-Odeh~model.” The only difference is‘instead of entering the tp
constant, and.aquifer constant.directly,, we enter the various physical. parameters (e.g.
permeability, reservoir radius) that‘are*used to'calculate the two constants. Once we
have calculated these constants, they are used in the summation formulain exactly the
same way as the Hurst-van Everdingen-Odeh model.

There is one other dlight variation with the Odeh model. For all Hurst-van
Everdingen-Dake models, for each term in the summation MBAL uses the fluid
properties at the pressure for the time in the summation term. So in the summation
formula above, the U and « are calculated using the fluid properties with the pressure

at tj. This is an improvement to the origina published model where the fluid
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properties were taken from the pressure at tn. Note that this correction is obviously
not possible in the Odeh model as the tp and alpha constants are entered as single
valuesfor all time steps.

All the models previously discussed with the exception of Hurst smplified are
based on the assumption that the pressure disturbance travels instantaneously
throughout the aquifer and reservoir system. On the other hand if we do not make this

assumption but rather say that the speed will:cepend on the pressure diffusivity of the

system.
ii(rD %j L (3.10)
r, off ot )/ /ot
where
1 :rL = dimengonless radi us,_r'-atio, unitless
r,= theouter radius of the reserv0|r ft

[0}
' )

p,= dimensionless pressure, ratio, unitless

p=axt= =
o, (G, +C )1)°

(3.11)

where

tp = dimensionlesstime, ratio, unitless

o = pressure diffusivity
K'\=1 “absSoldte permeabil ity; md
te=  time, hour
¢ = porosity, fraction
u, = Vviscosity, cp

c, = water isothermal compressibility, psi™

c, = formation isothermal compressibility, psi?



Radial Aquifers

Reservoir This parameter is used to calculate the surface of

Thickness encroachment of the aquifer by multiplying it with the
radius and encroachment angle

Reservoir This parameter is used to calculate the surface of

Radius encroachment of the aquifer by multiplying it with the

thickness and encroachment angle

Outer/Inner

Defines the ratio of the outside radius (aquifer radius) to

Radius Ratio the insideradius (reservoir radius)

\
Encroachment | _Defines the portion of the reservoir boundary through
Angle which'the aquifer [rgVades the reservoir
Aquifer Defings thetotel pérrﬁeability within the aguifer pore
Permeability volume 7

‘P_
a ispressure diffusivity of the systégh and léaqu called tp constant in MBAL.
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In modeling aquifer behavior sncq,:w_g_,are interested in finding rates with

pressure changes, this diffusivity equation solved for copstant terminal pressure i.e.

constant pressure at reservoir-aguifer boundary gives the fell owing general solution,

where

>

We=U x ApxW, (tos Ry ) | (3.12)

reservoir radius'aquifer outerradius, ratio, unitless

aquifer constant, unitless

U L119Agh(c, +¢,)r?,

360

encroachment angle, degrees

reservoir thickness, feet

(3.13)
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2.309k,

a= 3.14
365.25¢,,(C; +C, )1, (3.19

where

k, = aquifer permeability, md

o = pressure diffusivity,

¢ = porosity, fraction

u, = water viscosity, ep

c,= water isothermal compressibility, psi'l

c, = formation ispthermal comp‘rlbility, ps™
r = theouter radius of the reser\)i')_if,‘ ft

[o]

The function Wp, is called di mensi(;ﬁle_ﬁ,aquifer function and is depends on
dimensionless time and the size of the aguifer with respect o the reservoir. There are
algebraic approximations to the Wy function available this form is the most general
form of the equation as it gives the behavior of the pressure diffusivity equation for
both the finite and infinite &eting aquifers (bounded) depending on the value of Rp.

In real’ production, this terminal” préssure (et the'reservoir-aquifer boundary)
does not remain constant, but changes. Hurst-Van-Everdingen and Dake using the
principle of superposition solved;this problem. They found the real-time water influx
using Equation (3.12) and approximating the pressure decline as a step function. The

water influx equation thus after superposition is given by

V\é(t)le‘GEUApJWD (@(t-t).R) (3.15)

where
We= cumulative water influx, bbl
Ro= reservoir radius/ aquifer outer radius, ratio, unitless
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U = aquifer constant, unitless

W, = dimensionless water influx, ratio, unitless

And’ Apj = w

If j=0 i.e.thefirst,use p i.e.initial reservoir pressure, instead of pj.1

3.5.3 Fetkovich Sieady State

The Fetkovich theory.looks at water influx as well inflow calculated using
productivity index. Thus, theinflux rateis afunction given as,
AW, 4
Tj—fﬁ=’J(r).—p) (3.16)
t J.
In the steady stateé model, the pros:i_qctivity Index is calculated similar to a
Darcy well inflow model. This Pl-is suppesed to remain constant. Depending on the

geometry the Pl is calculated asfollowsin oi'-rl__. field units:

Radial Aquifers

5 _ 0.00708Ak,h

0 360u109(R,) (347

where
J-= pproeductivity index; ST.B/day-psi

Ae = encroachment angle, degrees

3.6 VLP

The flow in the well isfrom top of the perforations to surface is known as the
Vertical Lift Performance. The plot of Producing Rate versus Bottomhole
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Flowing Pressure is called a variety of names. VLP Curve, Lift Curve, Outflow
Curve or Tubing Curve to name a few. Many investigators have conducted research
into multiphase flow in tubing. Most of the investigative approaches have made basic
assumptions which can be used to classify the correlations derived as follows:

1. methods which do not consider

a. dippage between phases
b. the use of flow regime orpaitern

2. methods which consider dlippage between the phases but not flow regimes

3. methods which.eonsider both flow regime and slippage

Therequired input in VLP is:

top node pressuie

gaswater ratio

deviation survey of the well

temperature gradient 22

3.6.1 Vertical Elow Correlation's‘ p

The flowing pressure gradient in a producing well comprises 3 terms.[12]

Gravity due to density af the produced fluid mixture
Friction from shear stress between the flowing fluids and the
pipe wall

Acceleration | asaresult of expansion of fluids as the pressure reduces

For oil wells, the main component of pressure lossis the gravity or hydrostatic
term. Calculation of the hydrostatic pressure loss requires knowledge of the
proportion of the pipe occupied by liquid (holdup) and the densities of the liquid and
gas phases. Accurate modeling of fluid PVT properties is essentia to obtain in-situ

gas/liquid proportions, phase densities and viscosities.
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Calculation of holdup is complicated by the phenomenon of gasliquid
dip. Gas, being less dense than liquid flows with a greater vertical velocity than
liquid. The difference in velocity between the gas and liquid is termed the dip
velocity. The effect of dip is to increase the mixture density and hence the gravity
pressure gradient.

Multi-phase flow correlations are used to predict the liquid holdup and
frictional pressure gradient. Correlations,in common use consider liquid/gas
interactions - the oil and water are lumped together as one equivalent fluid. They are
therefore more correctly.iermed 2-phase flow-correlations. Depending on the
particular correlation, flow regimes are identified and specialized holdup and friction
gradient calculations are applied for each flow regime.

There are numerous Correlations that give excellent results depending upon the
ranges of flow conditiens. Fahble 8.2 preﬁents those correlations that have contributed
either significantly or dighily to the vertiéal multiphase flow problem. The most
important correlations are those-of Duns and ‘Ros, Orkiszeski, Hagedorn and Brown,
Beggs and Brill and Petroleum Experts. A’s[liye_at, no single correlation performs better

than others for all flow conditions.

Table 3.2 : Multiphase vertical flow correlationg12]

Fancher Brown is ano-dip hold-up correlation that is provided for
use as a quality control. It gives the lowest
possible value of VLP since it neglects gas/liquid

dip it should always predict a pressure which is
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less than than the measured value. Even if it gives
a good match to measured downhole pressures,
Fancher Brown should not be used for quantitative
work. Measured data falling to the left of Fancher
Brown on the correlation comparison plot indicates
a problem with fluid density (i.e PVT) or field
pressure data

Hagedorn Brown

performs wellin_oil wells for sug flow at
moderate to high production rates (well loading is
poorly predicted). Hagedorn Brown should not be
used for condensates and whenever mist flow is
the main flow regime. It under predicts VLP at low
rates ana should not be used for predicting

minimum stable rates.

Duns and Ros

usually perf:?@s well tn mist flow cases and should
be-used in high'GOR oil and condensate wells. It
tends to ovef?ﬁ_)rgdict VLPin il wells. Despite this,
the minimum stable rate indicated by the minimum

of the VLP curve is often agood estimate

Duns and Ros
Original

is the origina published method, without the
enhancementsS, applied. in_the primary Duns and
Ras. correlation. (. The! primary Duns and Ros
correlation in PROSPER has been enhanced and

optimised for use with condensates.

Petroleum Experts

correlation combines the best features of existing
correlations. It uses the Gould et al flow map and
the Hagedorn Brown correlation in slug flow, and
Duns and Ros for mist flow. In the transition
regime, a combination of slug and mist results are
used.
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Petroleum Experts 2

includes the features of the PE correlation plus
original work on predicting low-rate VLPs and
well stability.

Petroleum Experts 3

includes the features of the PE2 correlation plus

original work for viscous, volatile and foamy oils.

Petroleum Experts 4

is an advenced mechanistic model suitable for any
angled wells (including downhill flow) suitable for
any fluid (including Retrograde Condensate).
Especidlly good for pipeline pressure drop
calculations and Instability calculations (detecting
the conditipns at which tnstability will occur).

Petroleum Experts 5

The PES mechanistic correlation is an advancement
on the PE4 mechanistic correlation. PE4 showed
some instaqili"ties (just like other mechanistic
models) tha't":._'ﬁ mited its use across the board. PE5
reduees the 'fﬂsié\bilities through a calculation that
does not use flow regime maps as a starting
point.PES IS capable of 'modeling any fluid type
over any well or pipe trajectory. This correlation
accounts for_fluid density changes for incline and
decline trajectaries. The ‘stabitity of the well can
aso be verified with the use of PE5 when
caleulating-the-gradient-traverse, alowing for liquid
loading, dug frequency, ete: to be'model ed.

Orkiszewski

correlation often gives a good match to measured
data. However, its formulation includes a
discontinuity in its caculation method. The
discontinuity can cause instability during the
pressure matching process, therefore we do not

encourage its use.
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Beggs and Brill is primarily a pipeline correlation. It generally
over-predicts pressure drops in vertica and
deviated wells.

Gray correlation gives good results in gas wells for

condensate ratios up to around 50 bbl/MMscf and
high produced water ratios. Gray contains its own
interna PV.T model which over-rides PROSPER's
normal PVT-calculetions. For very high liquid
dropout wells, use a Retrograde Condensate PVT
and the'Duns and Ros correlation.

There is no universal rule for selecting the best flow correlation for a given
application. It is recommended that -a Cofr_el ation Comparison always be carried out.
By inspecting the predicted flow regimes and Jbreswre results, the User can select the
correlation that best model s the physical sii,iié;jpn. Petroleum Experts correlation is
used in this study because it combities the best féatures of existing correlations. It uses
the Gould et al flow'imap and the Hagedorh‘éﬁd Brown correlation in slug flow, and
Duns and Ros for mist flow. In the transition regime, a combination of slug and mist

results are used.

3.7 Systems‘Analysisi/Approach (NODAL) Analysis)

This approach consists of selecting a node-in the well and:dividing the system
at this point:\This isoften called the solution node,. This can be the bottom node or top
node (wellhead). All the components upstream of the solution node comprise the
Inflow section, and all the components downstream of the solution node comprise the
Outflow section. A relationship between flow rate and pressure must be available
for each section. The flow rate through the system can be determined once the flow
into the solution node equals the flow out of the solution node. The inflow and
outflow pressures at the solution node can be calculated separately for a number of

given flow rates to produce an inflow and an outflow curve. A plot of solution node
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pressure versus flow rate will produce two curves, the intersection of which will give
the solution node pressure and flow rate that satisfies the inflow and outflow sections
simultaneously as shown in Figure 3.2. This intersection thus represents the actual
conditions at which the well will flow for a given set of constraints (reservoir pressure
and separator pressure).

For many years, NODAL analysis has been used to anayze systems where
various components are interactive. The' procedure consists of first selecting an
appropriate divison point or node. In the whol€ system, any point can be considered
as a node, and nodal analysis can be performed. Fheflow rate for the specific system
or set of components can be determined by satisfying the following relationships:

1. How into the ngde =Flow out of the node

2. Only one pressuie can exist-at anode

The average reservoir pressure and the separator pressure are considered to be
fixed for any given timein awell flow wﬁéﬁ. The basic procedure is to caculate the
pressure at the node both ways from the fixed pressure points as follows:

Inflow to the node: 2t

Pr— Ap(uparear'n—components) = Phode

Outflow from the node:

_Ap

pseparator ( downstream—components) = pnode

The pressure drop Ap,‘in any compenent varies with flow rate q; therefore, a
plot of flow ratévs. node pressure will produce two curves, the intersection of which
gives the aneflowratewhichsatisfi esthetwor-eonditionsabove.

A change in the pressure drop ‘across an upstream component (inflow section)
will leave the outflow curve unchanged, but the intersection point will change, and
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Figure 3.2 : «Detérmination ‘ef‘""flow capecity (BeggsH.D.)[15]
thus the flow rate wills/change. Lik’ewisfe a change In the pressure drop across a
downstream component will gestlt in an dijﬂsi‘ment inthe flow rate. Finally, a change
in either of the fixed pressures. (the average reservoir pressure or the separator
pressure) occurring during the life of the Wéﬁ:_ WI|| result in a change in the flow rate.

A frequently used node or division point |s ms de the casi ng at the perforations; i.e.,

between the reservow ‘and the piping system. Thus, the flow through the rock, the
perforations, and the gravel pack (if installed) is one g/stem and flow up the tubulars,
through the wellhead and through the flow line and manifold to the separator is the
second systemy The total system Is ‘optrimized by selecting the combination of
component characteristics which will maximize production rate for the lowest cost.

The rsystem+anal ysis«approach s basically cused to~optimize flowing well
performance, but can al'so be applied to artificial litt Stuationsin-oil wellsif the effect
of the artificial lift system on the pressure is a function of the flow rate. Possible
applicationsinclude

1. selection of tubing and/or flow line size

2. surface choke or subsurface safety valve sizing

3. analyzing effect of perforation density

4. analyzing effect of gravel pack design

5. artificia lift design
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6. predicting the effect of depletion on producing capacity

3.8 Integrated Production Modeling (IPM)

The Integrated Production Modeling (software by Petroleum Experts) IPM
[12] suite has been used in the industry to.address field development decisions. IPM is
a composite modeling strategy that couples subsurface (material balance or
simulation) models to a surface network madel*viawell-bore models. Moreover, the
tools provide production forecasts and predict the reservoir performance. Multiple
reservoirs, naturally andeartiiicially lifted wells, plus single and looped surface
pipelines networks can be'hand! edlin anintegrated way.

This software isiptegrated with three parts: GAP, PROSPER and MBAL.

3.8.1 GAP

GAP is a multiphase optimizer of the surface network which links with
PROSPER and MBAL to modél entire reservoir and production systems. GAP can
model production systems containing oil, gas and condensate, in addition to gas or
water injection systems.

Wellhead chokes can be set, compressors and pumps optimized, and gas for
gas lifted wells, aloeated to maximize oil production” or revenue while honoring
congtraints at any level, Withr MBAL, field production forecast can be run.

GAP is partiof.the #PM 'suite,’ which ‘alows the engineer to build complete
system models, including the reservoirs, wells and, surface system. GAP has the most
powerfal and fastest optimization engine in the industry, as it/ishased on non-linear
SQP technique (Sequential Quadratic Programming). Production and Injections
systems include producing / injecting elements (wells) that are connected via common
manifolds and pipelines to a fixed system pressure called separator in GAP. The
separator in GAP does not have to be the physical separator in the field; it issimply a
point of fixed pressure in the network.
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Applications

full field surface network design

field optimization studies with mixed systems (ESP, Gas Lift, Naturally
Flowing)

multiphase |ooped network optimization

field gas|lift optimization

models full field injection systemsperformance, using MBAL reservoir
tank models

compressor and pump system maodeling

production foreeasting

easy to use giaphical’ interface for drawing system network (using icons
for separatorscompressors, pipelines, manifolds and wells, inline chokes
and reservolr tanks)

GAP is unigue in being ableto model, optimize and predictions of the
entire production system, with MBAL and PROSPER

GAP links to PROSPER (well motel) and MBAL (tank modl) to allow
entire production systefms to be mo_déled and optimized over the life of the
field

3.8.2 PROSPER

PROSPER is a well-performance, design and optimization program which is
part of the Integrated Production Modeling Toolkit (IPM). This.tool is the industry

standard well: madeling with the major operators worldwide. PROPSER is designed to
allow the building of reliable and consistent well models, with the ability to address
each aspect of well bore modeling, PVT fluid characterization), VLP correlations ( for

calculation of flow line and tubing pressure loss) and IPR (reservoir inflow).

PROSPER provides unique matching features, which tune PVT, multiphase

flow correlations and IPR to match measured field data, allowing a consistent well

model to be built prior to use in prediction (sensitivities or artificial lift design),
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PROSPER enables detailed surface pipeline performance and design: flow regimes,
pipeline stability, Sug size and frequency.
According to the inflow model, the following data are required:
a. oil and gasPVT properties
b. initial pressure and temperature
permeability
reservoir thickness

drainage area

-~ 0o o 0

perforationinterval
g. sKkin
According to the vertical liit"performance, the following data are required:
a. topmnodepressure
. water gas ratio

b
c. condensate gas ratio and Qas ail ratio
d. deviation survey-of the well"

f

temperature gradrent

Applications

- design and gptimize well completions including multi-lateral, multilayer
and horizontal wells

- design and optimize tubing.and pipeline sizes

- dedgn, diagnoseiand optimize ges lifted,.hydraulicpumps and ESP wells

- generate lift curvesfor use in ssimulators

% cdculate pressure losses inwells, flow linesand across chokes

- calculate total skin and determine breakdown (damage, deviation or partia
penetration)

3.8.3 MBAL

The MBAL package contains the classical reservoir engineering tool, which is
part of the Integrated Production Modeling Toolkit (IPM) of Petroleum Experts.

MBAL has redefined the use of materia balance in modern reservoir engineering.
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MBAL is the industry standard for accurate Material Balance Modeling. Efficient
reservoir developments require a good understanding of reservoir and production
systems. MBAL helps the engineer define the reservoir drive mechanisms and
hydrocarbon volumes more easily. This is a prerequisite for reliable simulation

studies.

For existing reservoirs, MBAL provides extensive matching facilities.
Realistic production profiles can be run for reservoirs, with or without history
matching. The intuitive pregram structure enables..the reservoir engineer to achieve
reliable results quickly. MBAL is commonly effects prior to building a numerical

simulator model.

Applications

- history matching reservoir performance to identify hydrocarbons in place and
aquifer drive mechanisms _

- building multi-tank reservoir model &

- generate production profiles J

- run development studies

- determine gas contract DCQ'’s

- model performance of retrograde condensaie reservoirs for depletion and
re-cyling

- declinecurve analysis

- Monte Carlo simulation

- 71Diftood front, modeling

- calibrate relative permeability curves against field performance data

- control miscibility

- control recycling of injection gas

- fully compositional



CHAPTER IV

RESERVOIR MODEL

This chapter describes fluid PVT properties, their characteristics and the

reservoir model under study.

4.1 Description of-Reservoir Model

The reservoir model Tor this study is selected from available reservoir models
in the GoT. The selection for this'model is best described in terms of geological
setting/depositional eaviroament: Two rﬁddels have been selected : one for bar sand
and another for channel‘sand. The bar %nd reservoirs will be representative of thin,
small reservoirs and the cianiel ‘sahd reservoirs will be representative for thick, large

reservoirs which are normally commected Wi'fl_h'aguifer.

4.1.1 Bar Sand Reservoir Model

Bar sand reservoir model has been well identified from geological modelingin
combination with 3D seismic amplitude anomaly and well log correlations. Based on
data collected @and ‘correl ated, the reservoirs have the following characteristics:

1. Reservoir fluid type: Dry Gas

2. Mopresenvoir depth (ft): 6,319-6,553

3. Average thickness (ft): 154

4. Net to Gross Sand (%): 0-100%(Average 25%)
5. Porosity (%): 10-35% (Average 21%)
6. Permeability (md): 22-1000

7. Average reservoir pressure (psia): 2,740-2,841
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8. Reservoir temperature (Deg F): 237-244
9. Reservoir fluid SG (air = 1): 0.97
10. OGIP (Bscf): 8.57

The reservoir model is built based on the geological data. Summarized data for
reservoir model including phase equilibrium data, reservoir and fluid properties are
described below. PVT properties and rock properties are tabulated in Table 4.1.

Table 4.1 : PVT properties.of reservoir fluid and.rock properties

Reference 2,740-2,841 psia
Water pressure(Pref) )
Properties Water /' FVFE aI
1.0636 rb/stb
Pref
Watter “Viscostyifs.
1 0.1907 cp
m Pref — il
Water density 62.43 b/t
Huid Densities at :
Gas density 0.060 b/t
Surface Condition
Reference .
2,740-2,841 psia
Pressure
Rock
| Compressibility | 94092E6 Ups
Rock Properties

SCAL ( Special Core Analysis)

Initial Reservoir Fluid Properties
Initial Water Saturation (S,;) : 0.40
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Initial Gas Saturation (S;) ; 0.60

The gas saturation and relative permeability relation is tabulated in Table 4.2 and
shown in Figure 4.1.

Table 4.2 : Water saturation, gas saturation and water relative permeabilities
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0.4000 . ,—‘ oo o — 0.0000
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/ RN
0.4822 g 0.0183
0.5233 1 0.0446
0.5644 0.0840
0.6056 0.1372
0.6467 0.2049
0.6878 0.2876
0.7289 0.0000 ' 0.3859
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4.1.2 Channel Sand Reservoi

g

r Model

Similar to ba‘r_"rsand reservoirs, channel wgg_rwﬁvoi rs model has been well-

identified from gedl-ogical modeling in combination Wwith 3D seismic amplitude

anomaly and well log correlations. Based on data €ollected and correlated, the

characteristics of the reservoirs have the follewing characteristics:

1.

2

Reservair fluid type:
JTrop-reservair depth-(ft):
Average thickness (ft):
Net to Gross Sand (%):
Porosity (%):

Permeability (md):

Average reservoir pressure (psia):

Dry Gas

6,200-6,434

18.9

0-100%(Average 40%)
15-34% (Average 21%)
24-1000

2,689-2,790
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8. Reservoir temperature (Deg F): 233-241
9. Reservoir fluid SG (air = 1): 0.97
10. OGIP (Bscf): 49.7

The reservoir model was built based on the geological data. Summarized data for
reservoir model including phase equilibrium data, reservoir and fluid properties are
described below. PVT properties and rock properties are tabulated in Table 4.3.

Table 4.3 : PVT properties.of reservoir fluid and-rock properties

Reference
| 2,689-2,790 psia
Water pressuie(Pref)
Properties Weétef RVF at Prg 4 1.0897 Rb/stb
Weater viscosity “at |-
f, 0.1601 cp
I:)ref _‘ .
Waterdensity [ g243 b/t
Fluid Densities at .
Gas density 0.068 b/t
Surface
Condition Reference Pressure, | 2 689-2.790 psia
Rock
| Gompressibility 514092E-6 1ps
Rack Froperties
SCAL ( Special Core Analysis)
Initial Reservoir Properties
Initial Water Saturation (S,,) ; 0.38

Initial Gas Saturation (S;) : 0.62
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The gas saturation and relative permeability relation is tabulated in Table 4.4 and
shown in Figure 4.2.

Table 4.4 : Water saturation, gas saturation and water relative permeabilities

Sy Kyg Ko
0.3800 1.0000 0.00000
0.4233 05549 0.0040
0.4667 02846 0.0183
0.5100 0.1317 0.0446
0.5533 0.0&529 0.0840
0.5967 o.oﬁ;é 0.1372
0.6400 0.0041 " 0.2049
0.6833 00005 0.2876
0.7267 0.0000 0.3859
0.7700 0.0000 0.5000
1.0000 0.0000 1.0000

4.2 Well Model

The well model for this study is single well model created using GAP and
PROSPER (softwares by Petroleum Experts). The model is built based on monobore
well design which is widely applied in the GoT. The wellbore diameter of 6 1/8
inches with 3 %2 inches production casing (ID 2.992 inches). The well is perforated
from 6,209 ft to 6,569 ft depending on the reservoir depth in each case. The
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completion schematic, the properties of well and reservoir model and the vertical
flow performance are shown in Figure 4.3 and Table 4.5 and Table 4.6.
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Q Fuidtype . ) Dry Gas
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AR PR A TINE3E E
VLP model Petroleum Experts (PE)
Wellhead pressure (psig) 450-2,400

WGR (bbl/MMscf) 0-300
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Dr=pth Thiclnsss Feservoir Pressure
Top of reservoir (£t TVD) -~ 7" Casins (psis}
(£t TVIN)
«——————— 7" Casinz Shos=
6200 | [ass | [ k=200mb | | Reservoira 2689
6319 I 2740
Figure 4.8 > of well model
Table 4.6 : The properties of
Reservoir ﬁ- meability | Pressure
A
| (md) (psig)
S0 ) e
B | 16319 8575 15.4 200 2,740
s o/
(aWaW L +1s :] (aWaX 1
CHAR [ ﬁ% (1 189 |20 2,790
q
D 6,553 8,575 154 20 2,841
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4.3 Reservoir Model Arrangement

The reservoir model is created by two main characteristics of the reservoirs

that may effect on perforation strategy determination:

1. The size of the reservoirs. In the GoT reservoirs there are two types of sand
reservoirs, one is big, continuous and thick as mostly encountered in channel
sand type reservoirs. Other is small, thiasreservoirs normally called bar sand

type reservoirs.

2. The permeability of the reservoirs. For permeability, 20 md is chosen for low

permeability reservoirs while 200 m.d for high permeability reservoirs.

Therefore, putting these two characteristics together would result in four
layered reservoirs. The resepvoir madel is used as representative model in this study.
The channel sand reservairs represent the’jth’i'ck, continuous reservoirs, and the bar
sand reservoirs represents the smatt, thin réejfé’rvpi rs. The reservoir model arrangement
isshown in Table 4.7. The top depth of the rééfvoi rsis 6,200 feet and each reservoir
is 100 feet apart, with,shale in between them. The ifiitial reservoir pressure is assumed
to be hydrostatic.

Therefore, putting these two characteristics together would result in four
layered reservoirs. The reservoir model is Used as representative model in this study.
The channel sand reservoirs represent thecthick, (continuousireservoirs, and the bar
sand reservoirs represents the small, thin reservoirs. For permesability, 20 md is
chosenidor low pertreability reservoirs while 200 md far high permeahility reservoirs.
The reservoir model arrangement is shown in Table 4.7. The top depth of the
reservoirs is 6,200 feet and each layer is 100 feet apart, with shale in between them.
Theinitial reservoir pressure is assumed to be hydrostatic.
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Table 4.7 : Reservoir model arrangement

Reservoir Size Permeability
A Thick 200 md
B Thin 200 md
C Thick 20 md
D Thin 20 md

4.4 Reservoir Drive Mechanf'sm Arrangement

XJ

1. Case 1: All reservairs are under vt;l.-dm_etric-depletion drive gas reservoirs. In
this case, the reservoirs are deplet_fea_‘basred on the expansion of gas in the
reservoirs only. As a reéult, the rmV&r pressure will play an important role

on production.Strategy. The case Is Initiated to study the behavior of pressure

and their influence on production.

2. Case 2+All reservoirs-areunder,water-drive gas reservoirs. In this case, each
reservoir. is'set'to be connected with an‘aquifer. As the gasis produced from
the well, the reservoir pressure declines and causes the supporting aquifer to
expand and invade into the'gas.zane. Asa result, therexwill_be an influence
from both pressure and water invasion that plays an important role on

perforation strategy determination.

3. Case 3: Two thick reservoirs are water-drive and two thin reservoirs are
volumetric-depletion drive reservoirs. This combination drive represents more

realistic multilayered gas reservoirsin the GoT.
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4.5 Perforation Scenarios

The production scenario under this study can be categorized into 4 groups.
The first group (scenario la-1c) is the set of scenario using a bottom-up approach.
The bottom-up approach is one of the widely used strategiesin gasfieldsin GoT. This
strategy allows the gas to be produced from the deepest reservoir first and subsequent
upper reservoirs in sequence.

The second group concerns with permeability of the reservoirs. There are two
scenario under this group..seenario 2a where high permeability reservoirs are
perforated first and scenario 2bwhere |ow permeability reservoirs are produced first.

The third group gencernswith the size of the reservoirs. Therefore, in order to
study the multilayered reservoirs, two scenarios are added to this study: scenario 3a
where the thick reservoirs areproduced fiAr;st..and scenario 3b where the thin reservoirs
are perforated first. / _

The fourth group.concerns with cofhfﬁingled production. In Scenario 4a, dl
reservoirs are put into production a!togeth-érj_,_since the first day of production. In
scenario 4b, all reservoirs are produced toﬁqhq but when any reservoir produces
water more than 1000 bbl/M M‘scf, we shut Sff this reServoir and leave the other
reservoirs producing.

The production: plateau for all scenarios is set at 20 MMscf/d and the
economic limit of all scemarios is set aty 0.1 MMscf/d. The minimum wellhead
pressure is set @ 450 psig. The perfaration scenarios for each group is listed in Table
4.8.
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Table 4.8 : Perforation scenarios

Scenario | Description Explanation
la Fully The deepest reservoir is produced firgt until the
depleted economic limit (0.1 MMscf/d) and shut off, and then
the next upper reservoirs are opened in sequence.
1b Half depleted | The deepest reserveir is produced first until the rate
drops below 10 .MMscf/d, and then the next upper
reservoirsare opened in segquence.
1c Maintain The deepest reservoir is produced first until the rate
production drops below the plateau (20 MMscf/d), and then the
plateau NExt upper reservoirs are opened in segquence.
2a High High, perm(lefabdi_‘lity reservoirs (A&B) are produced
permeability (figst until the rate drops below the plateau rate (20
reservoirs o MMsct/d) and. then the next low permeability
first reservoirs (ngl?) are opened.
2b Low Lew ‘permeatijity” reservoirs (C&D) are produced
permeability | first until ther;-._ratq'e drops below the plateau rate (20
reservoirs | MMscf/d) and then the /next high permeability
firse reservoirs (A& B) are opened.
Thick Thick reservoirs (A& C) are produced first until the
3a reservoirs | rate drops below the plateau rate (20 MMscf/d) and
first then the next:thin Reservoirs (B&D) are opened
Thin Thin Reservoirs (B&D) are produced first until the
£ FESEerVOIS—, | rate-drops;below-the plateau,rate (20 MMscf/d) and
first then thenext thick reservoirs A& C) are gpened.
: All reservoirs (A,B,C,D) are produced together since
4a Commingled the first day of production.
: All reservoirs (A,B,C,D) are produced together but
Commingled .
. when any reservoir produces water more than 1000
with water . .
bbl/MMscf, shut off this reservoir and leave the other
4b shut off : )
reservoirs producing.




CHAPTER V

RESULTS AND ANALYSIS

This chapter presents the prediction results and analysisfor 3 casesin this

study as follows:

5.1 Recovery Facter for \olumetric-Depletion Drive Gas
Reservoirs "

Table 5.1 : Recovery facior for volumetri éide’pleti on drive gas reservoirs

F

Scenario Descri@_ﬁt’j"n RF (%)

Scenario 1: Bottom-up

la Fully depleted 81.60
1b Half depl eted 81.55
ic Maintain production plateau 79.92

Scenario 2: Permeability selective

High permeability reservoirsfirst 81.29
2a

2b Low permeability reservoirs first 81.51




Table 5.1 : Recovery factor for volumetric-depl etion drive gas reservoirs (continued)

Scenario 3: Reservoir size selective

3a Thick reservoirsfirst 81.52

3b Thin reservoirs first 81.56

Seenario 4 : Commingled

All" reservours are produced together since
4a theffirs:day’ of production 81.61

Based on the predictionsesults, the resultécan be summarized in details as follows:

Scenario la: Bottom-up (Fuly Depi_éted)

The RF for this scenarig is approxirﬁat_'ely the same as that of scenario 4 as
listed in Table 5.1. This scenario, the bottom most resefvoir is produced until fully
depleted and then the'next upper layer is opened in sequence. The gas production rate
is shown in Figure 5. The cumulalive gas production for this scenario is 95.6
MMMscf as depicted in Figure 5.2.

First, the deepest creservoir (Reservoir (D) is perforated. Although the
maximum production rate is specified at 20 MMscf/d, the well ¢an produce only 11
MMscifd at'the beginning and starts to decline right away as depicted in Figure 5.3.
The production time is short due to small reservoir size and low permeability. The
production from the first perforated zone continues until it reaches economic rate of
0.1 MMscf/d. Then, the zone is shut off, and the upper zone (Reservoir C) is opened.
The cumulative gas production from Reservoir D is 7.0 MMMscf as shown in Figure
5.4.

Reservoir C can produce a a maximum rate of 12.0 MMscf/d and drops

gradually until the economic rate of 0.1 MMscf/d. It can produce for a long time due
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to thick reservoir size and low permeability. The low value of permeability results in
low production rate. As aresult, it takes along time to produce from a large reservoir
at a small production rate. The cumulative gas production for this reservoir is 41.1
MMMscf as depicted in Figure 5.4.

After Reservoir C is fully depleted, it is shut off, and the next upper zone
(Reservoir B) is perforated as illustrated in Figure 5.3. Reservoir B can produce at a
gas rate of 20 MMscf/d and maintain production plateau of 20 MMscf/d for a while.
Afterward, the gas production rate declinesvery fast due to small reservoir size and
high permeability of the reservoir. The produciion-time of this reservoir is very short
compared to other reservois and cannot maintain pressure declining rate. The
cumul ative production for thi's resenvoir iLs 7.0 MMMsct as shown in Figure 5.4.

The last reservoir (Resewvoir A)fis perforaied after shutting in Reservoir B.
The production rate of 20 MMscf/d ean be ma| ntained for a few years. This reservoir
can maintain pressure Jfor a short perﬁod due to big reservoir size and high
permeability. The production time is |onger than that for Reservoirs B and D. The
cumulative gas production for thlS reserVOrF is 41.1 MMMscf as illustrated in Fgure

-.-'_J,J

5.4, : =

Prediction Results it
case 1a Fully depleted

Gas Rate (MMVscfiday)
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Time (date)

Figure 5.1: Prediction result for case 1: scenario 1la
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Prediction Results
case 1a Fully depleted
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Figure 5.2: Cumulati -w S ime (case 1: scenario 1a)
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Figure 5.3: Average gas production versustime for Reservoirs A,B,C,D
(case 1: scenario 1a)
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Prediction Results
case 1a Fully depleted
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Figure 5.4: Cumulative gas-produé}ion versustime for Reservoirs A,B,C,.D
(case 1. Scenario 1a)

P ';:.Jf-',
Scenario 1b: Bottom-up (Haif Deptetea)

S e

Scenario 1b‘_(-h“?lf-depleted) provides alittle bit onigler RF than that of Scenario

laaslisted in Tabl e"'5':1. In this scenario, the bottom mo&f%ervoir is produced until
the rate declines to-haf of the plaieau rate (20MMscf/d) which equas to 10
MMscf/d, then the next upper layer is opened. The gas production rateisillustrated in
Figure 5.5. The cumulative gas productien for this scenario is 95.6 MMMscf as
shown in Figure 5.6.

Hrst, Reservoir D is put on production. The well caninitially produces 11
MMscf/d. It takes less than a day for the rate to decline to 10 MMscf/d. Then, the next
upper layer (Reservoir C) is opened. Up to this point, the cumulative production for
reservoir D is 5 MMMscf as shown in Figure 5.8. However, the cumulative
production at the end of the well lifeis 7 MMMscf because the layer still flows at
around 0.2 MMscf/d until abandonment.

Reservoir C can produce before the rate drops to 10 MMscf/d for a short

period of time. Then, the rate declines below 10 MMscf/d and the next upper reservoir
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(Reservoir B) is opened. Up until this point, Reservoir C has produced 13.3 MMM scf.
However, the cumulative gas production for Reservoir C is 40 MMMscf since it still
produces a certain amount of gas until abandonment.

Reservoir B is perforated after the rate declined below 10 MMscf/d. At this
point, three reservoirs Reservoirs D, C and B are producing together. These reservoirs
can provide gas production of 20 MMscf/d for a short period. At the end of the well
life, the cumul ative gas production from Reservoir B is 7.1 MMM scf.

As the production from the three reseivoirs drops below 10 MMscf/d,
Reservoir A is put into preduction. The produciion-rete reaches production plateau
after this reservoir is perforated: At this/point, four reservoirs are producing leading to
a long period of gas production durir@g the decline period. The cumulative gas

production for this reservoiris4L MMMsct as shown inFigure 5.8.
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Figure 5.5: Prediction result for case 1: scenario 1b
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Prediction Results
case 1b Half depleted
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Figure 5.8: Cumulative gas product+on Versus time for Reservoirs A,B.C,D
(case L sceparlo 1b)
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Scenario 1c: Bottom-up (Malntaln P‘roductlon Plateau)

Scenario 1c! (maﬁ%arﬁ—predue&eﬁ—pkatew)—prewdes lower RF than that of

Scenario la as Ilsted in Table 5.1. In this scenario, the bottom most reservoir is
produced until the rate drops below 20 MMscf/d, then the next upper reservoir is
opened. The gasproductioncrate: fon rthis scenarioris«shown in Fgure 5.9. The
cumulative gasgproduction for this'scenario is 93.6 MMMscf as depicted in Figure
5.10.

Firgt, the deepest ReservoirDiis perforated. Thisreservair cannot produce 20
MMscf/d. Therefore, the next upper Reservoir C is opened to provide the plateau rate.
The cumulative gas production for Reservoir D is 4.8 MMMscf as shown in Figure
5.12.

After Reservoir C is opened, both Reservoirs C and D can provide the plateau
rate for a short period. The cumulative gas production for Reservoir C is 40.7
MMMscf as shown in Figure 5.12.
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Although Reservoirs C and D are producing, Reservoir B is needed to
perforate to maintain the plateau rate. The cumulative production for Reservoir B is
7.0 MMMscf as shown in Figure 5.12.

Even though Reservoirs B,C,D are producing, the gas rate cannot be
maintained at the plateau rate for a long time. Therefore, Reservoir A is put into
production. Up from this point, all reservoirs are producing together until the
abandonment. The cumulative gas production for Reservoir A is 41 MMMscf as

shown in Figure 5.12.

Prediction Results
case 1¢ Maintain plataeu
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Figuren59 1 Prediction result for case 17 scenario 1c
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Prediction Resuits
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Figure 5.12: Cumulative gas production versus time for Reservoirs A,B,C,D
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Scenario 2a: Permeability Selective (High Permeability Reservoirs
Eifst) , -
The RF for Scenario 2a is slightly lower than that"of Scenario 1a as listed in

I

Table 5.1. In this scenario, the high permeability reservoirs (A& B) are produced first
until the rate drops below 20 MMscf/d, thenthe next two |low permeability reservoirs
(C&D) are opened.The.gas production rate for this.scenario is shown in Figure 5.13.
The cumulative gas production forsthis scenario.is 95.6 MMMscf as illustrated in
Figure5.14,

Reservoir A is opened together with Reservoir B. These reservoirs can
produce at a rate of 20 MMscf/d and maintain a plateau production for a few years.
These reservoirs can produce at high gas rate due to big reservoir size and high
permeability. The cumulative gas production for Reservoir A and Reservoir B is 41
and 7.2 MMM scf, respectively, as shown in Figure 5.16.

After the production rate drops below 20 MMscf/d, low permeability
Reservoir C is opened together with Reservoir D. These reservoirs can produce for a



long life due to big size and low permeability. The cumulative production for
Reservoir C and D is40 and 7 MMMscf, respectively, as shown in Figure 5.16.
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Figure 5.14: Cumulative gas production versustime (case 1: scenario 2a)
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Scenario 2b: Permeability Selective (Low Permeability Reservoirs
First)

The RF for Scenario 2b is dightly lower than that of Scenario la as listed in
Table 5.1. In this scenario, low permeability reservoirs (C&D)are produced first until
the rate drops below 20 MMscf/d, then the next two high permeability reservoirs
(A& B) are opened. The gas production rate for this scenario is shown in Figure 5.17.
The cumulative gas production for this scenario is 95.4 MMMscf as shown in Figure
5.18.

First, Reservoir C Is perforated 'together with Reservoir D. This batch cannot
produce at a high rate gi*20-MMsci/d due to low permeability. Although both
reservoirs (C,D) are producing, the gas droducti on rate cannot provide the plateau rate
for a long time. Therefare /the néxt two high permeability reservoirs (A,B) are
opened. At abandonment, the cumulative-égas production for Reservoir C and D is 40
and 7 MMMscf, respeciively, as dep| ctedi m Fgure 5.20.

Reservoirs A and'B ¢an produce at hlgh raie at the beginning but the rate
drops very fast due to small reservow Size and h|gh permeability. After this point, all
reservoirs are producing together gintil abandonment The cumulative gas production
for Reservoir A and B is41.2 and 7.1 MMMscf respectlvely, asillustrated in Figure
5.20.

Prediction Results
case 2b Low perm first
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Figure 5.17 : Prediction result for case 1 : scenario 2b
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Prediction Results
case 2b Low perm first
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Figure 5.20: Cumulative gas production versus time for Reservoirs A,B,C,D
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Scenario 3a: Reservoir Size Selective (Thick Reservoirs First)

The RF for Sf:e_nario 3ais dightly Iowér than thaicof Scenario la as listed in
Table 5.1. In this scenario, the thick and big reservoirs (A& C) are produced first until
the rate drops below 20 MMscf/d, then themext two small and thin reservoirs (B&D)
are opened. The gas praduction rate for this scenario Is shown in Figure 5.21. The
cumulative gas production for this scenario is 95.4 MMMscf as shown in Fgure 5.22.

For thick reservoirs, Reservoir A ‘is perforated with Reservair C at the same
time. This reservoir is produced at a high production rate. The cumulative production
for Reservoir A is41.2 MMMscf as depicted in Figure 5.24. Reservoir C can provide
a plateau rate with Reservoir A. Afterward, the production rate declines below the
plateau rate, then the next two thin reservoirs C, D are opened. The cumulative gas
production for Reservoir C is40 MMMscf as shown in Figure 5.24.

For thin reservoirs, Reservoir B is perforated with Reservoir D. Both

reservoirs can be produced at a low production rate due to small reservoir size. The
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cumulative production for Reservoir B is 7.1 MMMscf as shown in Figure 5.24. The
production life for Reservoir D is longer than that of Reservoir B. At this point, all
reservoirs are producing together and provide the plateau rate for a few years until the
well economic is reached. The cumulative production for Reservoir D is 7.1 MMMscf

as depicted in Figure 5.24.
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Prediction Results
case 3a Thick reservoirs first
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Prediction Results
case 3a Thick reservoirs first
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Scenario 3b: Reservoir Size Selectivﬁ_,_(Ihin Reservoirs First)

4

The RF for Scenario-3b-is slightly-tower than-that 0f Scenario la as listed in
Table 5.1. In this sbénario scheme, two small and thin réérvoi rs (C,D) are produced
first until the rate drops below 20 MMscf/d, then the next two big and thick reservoirs
(A&C) are opened: The gasproduction ratefor this seenariods shown in Fgure 5.25.
The cumulative gas production for this scenario’is 95.7 MMMscf as illustrated in
Figure 5.26.

For'thin 'reservoirs, Reservoir B 'Is perforated ‘together 'with Reservoir D.
Although these reservoirs are put into production, both can supply a plateau rate for a
while due to small reservoir size. The rate drops very fast for Reservoir B. The
cumulative production for Reservoir B and D is both 7 MMM scf as depicted in Figure
5.28.

Although thin reservoirs are produced first, both cannot supply the plateau
rate for along time. So, the next two big reservoirs have to be perforated. Reservoir A

is perforated with Reservoir C at the same time to provide and maintain the plateau
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rate of 20 MMscf/d. At this point, al reservoirs (B,D,A,C) are put into production
until the economic limit is reached. The cumulative gas production for Reservoir A

and Cis41.2 and 40.2 MMMscf, respectively, as shown in Figure 5.28.
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Figure 5.25: Prediction result for case 1 : scenario 3b
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Prediction Results
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Figure 5.28 : Cumulative gas production versus time for Reservoirs A,B,C,D
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Scenario 4a: Commingled

This scenari 0~ provides the-highest-Ri=for-ease- 1 (Volumetric-depl etion drive
gas reservoirs) as Iiéied in Table 5.1. In this scenario, ai“ reservoirs (A,B,C&D) are
produced altogether at the same time since the start of production. The gas production
rate is shown inFHgure 5.29, The cumulativergas productionfor this scenario is 95.4
MMMscf asillustrated in Figure 5.30.

Reservoir A. can _provide.the.highest.production rate compared with other
reservoirs. Reservair Bican produce at a high rate®ut the-production.life is very short
compared with other reservoirs. Reservoir C can produce at a high rate and take a
long time to deplete. The pressure drops very sow due to high permeability.
Reservoir D cannot produce at a high rate due to small reservoir size and low
permeability. The production from all reservoirs (A,B,C,D) can provide a plateau rate
for afew years and declines to the economic rate. The cumulative gas production for
Reservoir A,B,C, and D is 41.3, 7, 40, and 7 MMMscf, respectively, as shown in
Figure 5.32.
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Prediction Results
case 4a commingled
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Figure 5.30: Cumulative gas production versustime (case 1 : scenario 4a)



Prediction Results
case 4a commingled

12.5§

Avg Gas Production (MMscf/day)

Figure 5.31:

42000

scf)
2

28000

ive Gas Production (MM

Cu
wll

Res D

01/01/201510

21000|

T———

Res B

MINgNT

Aﬂﬂ‘”

01/01/201510/18/2026

08/04/2038
Time (date)

05/21/2050

03/07/206212/22/2073

Res &

Figure 5.32: Cumulative gas production versus time for Reservoirs A,B,C D

(case 1: scenario 44)

66



5.2 Recovery Factor for Water Drive Gas Reservoirs

Table 5.2 : Recovery factor for water drive gas reservoirs

Scenario Description RF (%)
Scenario/l: Bottom-up

la Fully depleted 62.90

1b Half depleted 20.80

1c , Maintain plateau 32.95

),
Scgnario 2: Permeability selective

2a ““High perméa&'iityfirst 28.69

2b L ow permeability first 29.02
Scenario 3: Reservoir size selective

3a Thick reservoirsfirst 27.83

3b Thinreservoirsfirst 29.39

Scenario 4 : Commingled

4a All reservoirs are producing since start of 28.94
production

4b All reservoirs are producing since start of 45.10
production with water shut off

67
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Based on the prediction from IPM, the results can be summarized in details as
follows:

Scenario la: Bottom-up (Fully Depleted)

This scenario provides the highest RF in water drive gas reservoirs as listed in
Table 5.2. The RF and production time for water drive reservoirs are less than half
compared with volumetric-depletion gas reservoirs: The invasion of the aquifer plays
an important role and reduces the gas saturation.in.the reservoirs. The gas production
rate for this scenario is depictedinigure 5.33. The overall cumulative gas production
for this scenario is 73.7 MMM sef &s shown in Figure 5.34.

The deepest Reservair D is perfora;ned first. The well can produce 11 MMscf/d
at the beginning and siarts to decline right away. However, the well cannot produce
until economic limit is reached due‘to high weter production. The cumulative gas
production for this reservoir is5:7 MV Msbf--as depicted in Fgure 5.36.

The next upper Reservoir €4s opehe_&after the reservoir D is shut in. The well
can produce 12 MMscf/d at the'beginning and "t'J.h'e rate declines gradually and does not
reach the economic_limit. The-production time is the longest compared with other
reservoirs. The cumulaiive-preduction-for-feservoi-C-4840.0 MMMscf as illustrated
in Figure 5.36.

Reservoir B is Opened in sequence after Reservoir C is shut in. The well can
produce for aghort time fram;this resenvelr and gannet.produce until the economic
limit is reached, The'well can provide the ptateau rate for'a while. The cumulative gas
production for this reservair is 4.3 MMMscf as shown in Figure 5:36,

The upper 'most Reservoir /A isithen perforated after Reservoir B is shut in.
The well can produce at a high rate until the economic limit is reached due to the
large size of the reservoir and high permeability. The well can provide the plateau rate
for few years. The cumulative production for this reservoir is 23.9 MMMscf as shown
in Figure 5.36.
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Scenario 1b: Bottom-up (Half Depleted)

This scenario provides the lowest RF for water drive gas reservoirs aslisted in
Table 5.2. All reservoirs cannot produce until the economic limit is reached. The well
stops production for reserveirs (B,C,D) ai 20-MMscf/d . This scenario provides the
shortest production life for.waler drive reservoirs. Fhe gas production rate for this
scenario is shown in Fgure 5.37..The averall cumulative production for this scenario
is24.4 MMMscf asillustrated in Figure 5.38.

Reservoir D is"peforated first. .The well  can produce 11 MMscf/d at the
beginning. The rate drops suddenly-at some point, decreases gradually and stops
flowing at 2.5 MM scf/d./The cumul ative préduction for this reservoir is 4.5 MMscf/d
as shown in Figure 5.40.

Reservoir C is opened when'the prodhction rate drops below 10 MMscf/d. The
well can produce more than 10-MMscf/d aLthé beginning, and the rate drops due to
high water influx rate. The cumulaiive pro'dUCtiOn for this reservoir is 8.8 MMscf as
depicted in Figure 5.40:

Reservoir B isperforated after the production from Reservoirs C and D drops
below 10 MMscf/d. Although the well can provide the plateau rate but the rate drops
very fast compared)withother; reservoirs: The cumulativezgas production is 4.4
MMMscf as shown in Fgure 5.40.

Reservair A.is opened when the gas rate’from Reservoirs'D, C, and B drops
below 10 MM sct/d: The well canvproduce the plateau ratefor a few years and declines
until the abandonment. The cumulative gas production for this reservoir is 6.6
MMMscf as shown in Figure 5.40.
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Scenario 1c: Maintain Production Plateau

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.2. This scenario can maintain the plateau rate only for one year and declines. The
gas production rate for this scenario is shown in Fgure 5.41. The cumulative
production for this scenario is 38.6 MMM scf asillustrated in Figure 5.42.

The bottom most Reservoir D is perforated first. The well can produce only 10
MMscf/d at the beginning and drops very fast..Then, the next upper Reservoir C is
opened to reach the plateau rate. The cumulétive production for this reservoir is 3.5
MMMscf as depicted in Figure 5.44.

Reservoir C is«opened to increase the production rate. Reservoir C can
produce 2.5 MMscf/d at the beginning |‘and Increases to 5 MMscf/d and drops very
fast. Both reservoirs (C,D) cannot produc};::'lat high rate and the production life is very
short. The cumulative production for Reservoir C is 8.6 MMMscf (see Figure 5.44).

Reservoir B is'Opened to increasé___the production rate. The cumulative gas
production for Reservoir B is4.6 MMM scf as shown in Figure 5.44.

Reservoir A is opened gfter the gas‘_;jféducti on from Reservoirs D, C, and B
drops below the plateau rate. At this poi ntaI_I reservoirs (D,C,B,A) are producing
together until the abandonment. The cumulative gas production for Reservoir A is
21.9 MMMscf as shown in Figure 5.44.
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Scenario 2a: Permeability Selective (High Permeability Reservoirs
First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.2. The production strategy for this scenario is the same as that of the volumetric-
depletion gas reservoirs (scenario 2a). The high permeability reservoirs (A& B) are
produced first. The production rate for this scenario is shown in Figure 5.45. The
overall cumulative gas production for this scenario is 33.6 MMMscf as depicted in
Figure 5.46.

First, Reservoir A IS perforated With Reservoir B at the same time. Reservoir
A produces 9 MMscf/d at.the beginning, and the production rate increases gradually
to 13 MMscf/d. After that, .the production rate drops very fast. The cumulative
production for Reservoir A'is21.5MMMsef as shewnin Figure 5.48.

Reservoir B iS opened with the-J Reservoir A."The reservoir produces 11
MMscf/d at the begimning, and then the productlon rate declines right away.
Reservoirs A and B can produce the pl ateay rate for about one year. The cumulative
gas production for Reservoir B is4.6 MM Mscf,asnlustrated in Fgure 5.48.

Then, Reservoir C is opened together wnth Reservoir D. Reservoir C produces
3.6 MMscf/d at the beginning and drops gradually It can be seen that the gas rate is
not stable before the well stops flowing. The production life of Reservoir C islonger
than other reservoirs (A,B,D). The cumulative production for Reservoir C is 4.4
MMMscf (see Figure 5.48).

Reservoir D is opened with-Reservoir €, The maximum rate Reservoir D can
produce is 3.5 MMscf/d. The gas rate is a'so not stable due to high water influx rate.
The cumuleative gas production for Reservoir ‘D, iS3.2 MMMsef<&s depicted in Figure
5.48.
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Scenario 2b: Permeability Selective (Low Permeability Reservoirs
First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.2. The production strategy for this scenario is the same as that of the volumetric-
depletion gas reservoirs (scenario 2b) which is to produce from low permeability
reservoirs (C&D) first. The gas production rate for this scenario is shown in Fgure
5.49. The overal cumulative gas productien.for this scenario is 34.0 MMMscf as
shown in Figure 5.50.

First, Reservoir C 1S perforated with Reservoir D at the same time. Reservoir
C produces at low rates. lt.ean o€ seen that the gas rate is not stable for this reservoir.
The cumulative production torReservoir C i1s4.8 MMMscf as shown in Figure 5.52.

Reservoir D is openedtogether with Reservoir C. Reservoir D also produces at
low rates. Both reservoirs/C and D can Abrovide the plateau for a short period. The
cumulative production for Reservoirb- is 34 MMscf/d (see Figure 5.52).

High permeability reServoirs. are opened after low permeability reservoirs.
Reservoir A is opened together with Reser(/:o_i rB. The well produces at high gas rate
at the beginning. The cumulative production i‘pr Reservoir A is 21.4 MMMscf as
shown in Figure 5.52. | i

Reservoir Blis opened together with Reservoir A..The production from both
reservoirs (A,B) can provide the plateau rate . After this point, all reservoirs are
producing together until the end of the well life. The cumulative production for
Reservoir B is4.4 MMMscf as shown in Figure 5.52.
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Scenario 3a: Reservoir Size Selective (Thick Reservoirs First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.2. The production strategy for this scenario is the same as that of the volumetric-
depletion drive gas reservoirs ( case 1. scenario 3a) which is to produce from thick
reservoirs (A&C) first. The production rate for this scenario is illustrated in Figure
5.53. The overal cumulative gas production for this scenario is 32.6 MMMscf as
shown in Figure 5.54.

First, Reservoir A is perforated,togetherwith Reservoir C. Reservoir A can
produce at high rates due.ie-high permeability and big reservoir size. The cumulative
production for ReservoirA 1s21.7 MM Msci as illusiraied in Figure 5.56. Reservoir C
cannot produce at highsgas séte due to I|‘Qw permeability. The cumulative production
for Reservoir Cis 5.2 MMM sct asdepictq;:in Figure 5.56.

Then, Reservoir Bii's gpened together with Reservoir D. Reservoir B produces
at high rate at the beginning and dropsf-ye[.y fast due to high permeability. The
cumulative production for Reservoir B 15'4.2 MMMscf as shown in Figure 5.56.
Reservoir D produces at low'production ratel After this point, al reservoirs are
producing together and can provide the pl aféagnrate for a long time. The cumulative

production for Reservoir D is 1.5 MMMsct (see Figure 5.56).
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Scenario 3b: Thin Reservoirs First

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.2. The production strategy for this scenario is the same as that of the volumetric-
depletion drive reservoirs (scenario 3b) which is to produce from the thin reservoirs
(B&D) first. The gas production rate for this scenario is shown in Figure 5.57. The
overall cumulative gas production for this scenario is 34.5 MMMscf as illustrated in
Figure 5.58.

First, Reservoir B is perforated togethierwith Reservoir D. Reservoir B can
produce at high rate for.awhile due to high permeability and big reservoir size.
Reservoir B can produce airthe plateau rate with Reservoir D. The cumulative
production for Reservoir'B is4.9 M MMécf (see Figure 5.60). Reservoir D produces at
low rate due to small reservair size and Ig\;i/ permeability. The cumulative production
for Reservoir D is 3.4 MMM scf @sshown'in'Fgure 5.60.

Then, Reservoir A/ls opened togé_t_hgr with Reservoir C. Reservoir A can
produce at high rates due to big sze and high permeability. The cumulative
production for Reservoir A is.22 MMMs{:i as snown in Figure 5.60. Reservoir C
produces at low rate due to low perméébi_lity. The cumulative production for
Reservoir Cis 4.9 MiMMsct as depicted in Figure 5.60.



24

20.1667

125

66667

Gag Rate (MMscf/day)

483333

36000

30000

24000]..___

18000]..

atE)as Production (MMscf)

cumul

6000

6.3333

Prediction Results

87

case 3b (water drive) Fetkovish s.s

Figure 5.57

01/01/2015 04120/2017

/ System Totals

eeeeeeee en:

SN INE

o

Ay

01/01/2015 04/20/2017 08/08/2019 11/25/2021 03/14/2024 07/02/2026

Time (date)

Figure 5.58 : Cumulative gas production versus time (case 2 : scenario 3b)



Prediction Results
case 3b (water drive) Fetkovish s.s

30

23

[

Avg Gas Production (MMscf/day)

4

01/01/2015 04/20/ 021 03/14/2024 07/02/2026

Figure 5.59: Ave for Reservoirs A,B,C,.D

Its
etkovish s.s

24000

20000 Res A

16000 - = T

12000

2):” mulative Gas Production (MMscf)

01/01/2015 04!20!201 7 08\!08}201 9 11 !25.!2021 03/14/2024 07/02/2026
Time (date)

Figure 5.60 : Cumulative gas production versus time for Reservoirs A,B,C,D
(case 2 : scenario 3b)



89

Scenario 4a: Commingled

This scenario provides lower RF than that of Scenario laaslisted in Table 5.2.
The production strategy for this scenario is the same as the scenario 4 for volumetric-
depletion drive gas reservoirs. All Reservoirs (A,B,C,D) are perforated at the same
time since the start of production. The gas production rate for this scenario is
illustrated in Figure 5.61. The overall cumulative production for this scenario is 33.9
MMMscf as depicted in Figure 5.62.

Under this scenario, Reservoir A is-perforated together with the other
reservoirs (B,C,D). Reserveir A _produces at high raie like the previous scenarios. The
cumul ative production.fer Reservoir A is 21.3 MMMsef (Figure 5.64).

Reservoir B can'a so'produce at high rate due to high permeability and big
reservoir size. The cumulétive production for Reservair B is 4.5 MMMscf as depicted
in Figure 5.64. “

Reservoir C cannot produce at h_i_gh rate due to low permeability. The
cumulative production for Reservoir € 1s 48 MMMsct (Figure 5.64).

Reservoir D produces at'low rate Iik'gR"eservoi r C. The cumulative production

for Reservoir D is 3.3 MMMscf as shown in:'i_—“lgure 5.64.
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Scenario 4b: Commingled with Water Shut Off

This scenario provides lower RF than that of Scenario laaslisted in Table 5.2.
All Reservoirs (A,B,C,D) are perforated at the same time since the start of production
but when any reservoir produces water more than 1,000 bbl/MMscf, we shut in this
reservoir and then leave the other reservoirs producing. The gas production rate for
this scenario is as depicted in Figure 5.65. The overall cumulative production for this
scenario is 52.83 MMMscf as shown in Fgure 5:66.

Reservoir A produces ai high rate. \When the water production reaches 1,000
bbl/MMscf which is afteriwo years production, we shut off this reservoir and leave
the other reservoirs preducing. .The cumulative production for Reservoir A is 12.7
MMMscf (Figure 5.68):

Reservoir B prodtices gas for a ce‘;rft:ai n duration and is shut off when the well
produces water more tham 1,000 bbl/MMscf: Early water invasion is because of high
permeability of the reservair itself, The cumulative production for Reservoir B is 1.1
MMMscf (Figure 5.68). F/R

Reservoir C produces gas for the Idnga time. There is no water production
due to low permeability. The cumulative production for Reservoir C is 37.3 MMM scf
(Figure 5.68).

Reservoir D produces at low production rate and-high water invasion after two
years of production because of low permeability. After that, we shut off this reservoir
and leave the other reserveirs producing. The cumulative production for Reservoir D
is1.9 MMMscf (Figure 5.68).
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5.3 Recovery Factor for Combination Drive Gas Reservoirs

Table 5.3 : Recovery factor for combination drive gas reservoirs

Scenario Description RF (%)
Scenario 1: Bottom-up
la Fully depieted 34.09
1b Half depleted 40.17
|

1c Maintain platea 28.93

Scehario 2: Permeability selective
i ';J';

2a High permeability first 27.54

2b >Low permeability first 28.13
Seenario 3: Reservoir size selective

3a Thickireseryoirsfirst 27.52

3b Thin reservoirs first 28.05

Scenario 4 : Commingled

4a All reservoirs are producing since start of 28.94
production

4b All reservoirs are producing since start of 48.41
production with water shut of f
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Based on the prediction from IPM, the results can be summarized in details as
follows:

Scenario la: Bottom-up (Fully Depleted)

This scenario provides a moderate RF for combination drive gas reservoirs as
listed in Table 5.3.The RF and praduction time for combination drive reservoirs falls
between volumetric-depletion drive gas reservoirs and water drive gas reservoirs. The
reservoir arrangement is two. thick reservoirs.are connected with aquifers and another
two thin reservoirs are'volumetrie-depletion drive. The gas production rate for this
scenario is shown in Figures.69. The overall cumulative production for this scenario
is34.09 MMMscf as depicied in Figure 5.70.

The deepest Reservair D is perfoirated first. This reservoir is produced under
volumetric-depletion. Therefore, the product"i-on behavior is similar to that of Scenario
lain case 1. Reservoir D annot provide the plateau rate due to low production rate,
and the rate declines right away -until the'ébandonment. The cumulative production
for Reservoir D is 6.8 MM Mscl s shown in Figure 5.72.

Reservoir C is opened after Reservoir-D'is fully depleted. This reservair is
produced under water ditve—Hie wel-Cannot-produce-tintit the economic limit due to
high water influx. The-production life for this reservoir-is the longest compared with
the other reservoirs. The cumulative production for Reservoir C is 40 MMM scf
(FHgure5.72).

The next. upper-layer Reservoir ‘B*is opened after Reservoir C is shut off.
Reservoir B is produced under volumetric-depl etion like Reservair-D and can provide
the production plateau rate for awhile~The cumulative production for Reservoir B is
7 MMMscf as shown in Figure 5.72.

The upper most Reservoir A is opened after shutting off Reservoir B. This
reservoir is produced under water drive like the Reservoir C. Reservoir A can provide
the plateau rate for a few years. The cumulative production for Reservoir A is 23.8
MMMscf asillustrated in Figure 5.72.
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Scenario 1b: Bottom-up (Half Depleted)

This scenario provides higher RF than that of Scenario 1a as listed in Table
5.3. In this scenario, the bottom most reservoir is producing until the rate declines to
half of the plateau rate (20MMscf/d) which equalsto 10 MMscf/d, then the next upper
layer is opened. The gas production rate for this scenario is shown in Figure 5.73. The
cumulative gas production for this seenario is 47 MMMscf as shown in Fgure 5.74.

The deepest Reservoir D is perforatedfirst. Reservoir D produces 11 MMscf/d
due to water influx into thereservoir and drops-gradually. When the rate drops below
10 MMscf/d, and then thesnext upper layer Reserveir C is opened. The cumulative
production for this resgawvoir increases to 5.1 MMM scf and drops to 2.3 MMMscf due
to cross flow as shown.in Fgure 5.74.

Reservoir C is opéned ajter Reseryéir D 1o obtain the plateau rate. Reservoir C
also produces 10 MM scf/d atthe beginning. Both reservoirs (C, D) cannot supply the
plateau rate. The cumulative production fo’r‘_Rgservoi r Cis17.9 MMMscf as shown in
Figure 5.76.

Reservoir B is opened when the WeI[ réie drops below 10 MMscf/d. Reservoir

B can produce a the plateau rate. The .-éumulative production for Reservoir B
increases to 5.7 MMM scf and drops to 1.8 MMMsct due-io cross flow as shown in
Figure 5.76.

Reservoir A is-opened after the rate drops below 10 MMscf/d. Reservoir A
also produces at high proddetion rate and can provide the plateau rate for along time.
Thereisno crass flow for this reservoir. The cumulative praduction for Reservoir A is
25 MMMscf as depicted in Figure 5:76.
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Scenario 1b: Bottom-up (Maintain Production Plateau rate)

This scenario provides lower RF than that of Scenario laaslisted in Table 5.3.
In this scenario, the bottom most reservoir is produced first and when the rate declines
below the plateau rate (20MMscf/d), then the next upper layer is opened. The gas
production rate for this scenario is shown in Figure 5.77. The production life for this
scenario is very short compared to other scenarios. The overall cumulative production
for this scenario is 33.9 MMMesct as showninFigure 5.78.

The bottom most Reservoir D is perforaied first. Reservoir D cannot produce
at the plateau rate. The cress flow occurs for this reservoir at late time of production.
The cumulative production for'Reservoir D increasesto 1.9 MMMscf and dropsto 1.5
MMMscf due to cross flew as snown in F| gure 5.80.

The upper Resewoip C IS opene;(j"‘ when the production from Reservoir D
cannot reach the plateau rai€. ‘The production rate of Reservoir C is low at the
beginning and increases to.8.5 MMscf/d and drops gradually. There is no cross flow
for this reservoir. The eumulative production for Reservoir C is 7.4 MMMscf as
shown in Figure 5.80. #2244

The next upper Reservoir B is opened_-af;ter the gas production from Reservoirs
C and D cannot reach the plateau rate. At this point, three reservoirs (B,C,D) are
producing together 't0- maintain the plateau rate. The cross flow occurs for this
reservoir. The cumulative production for Reservoir B-increases to 3 MMMscf and
dropsto 1.3 MMMscf dueto-cross flow as shown in Figure 5.80.

The upper most_Reservoir A is opened when the production from reservoirs
(B,C,D) drops below the plateau rate. This reserveir produces high gas rate and drops
gradually. There is'no, cross flow for this reservair. The cumulétive production for
Reservoir A is 23.8 MMMscf as depicted in Figure 5.80.
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Scenario 2a: Permeability Selective (High Permeability Reservoirs
First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.3. In this scenario, the high permeability reservoirs (A,B) are produced first. When
the rate drops below the plateau rate, the next two low permeability reservoirs (C,D)
are opened. The gas production rate for ithis scenario is shown in Fgure 5.81. The
overall cumulative production for this scenario is 32.3 MMMscf as shown in Figure
5.82.

First, Reservoir A IS perforated together with Reservoir B. Due to high
permeability and high water inilux rate, Reservoir A produces at high rate, increases
gradually and drops vewy fast./ There is no cross flow from this reservoir. The
cumul ative production fopResenvair'A is23.7 MMMsef as shown in Figure 5.84.

Reservoir B produces et high raté’at.the beginning and drops very fast due to
small reservoir size. Thee IS cross ﬂ"!o_w from this reservoir. The cumulative
production for Reservoir B1s1.0 MMisct asshown in Figure 5.84.

Then, Reservoir C is perforated tdéétber with Reservoir D. The production
rate is 6.5 MMscf/d at the beginnifig and 5‘95?"%‘? 1.8 MMscf/d. Thereis no cross flow
from this reservoir. The cumulétive productid_kl for Resgrvoir C is 6.4 MMMscf as
shown in Figure 5.84,

For Reservoir D, The rate Is high at the beginning and drops until the cross
flow occurs. The cumulgtive production for ,Reservoir D increases to 1.3 MMM scf
and dropsto 1.2 due to cross flow MMMscfi(Rigure 5.84).
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Scenario 2b: Permeability Selective (Low Permeability Reservoirs
First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.3. In this scenario, the low permeability reservoirs (C,D) are produced first. When
the rate drops below the plateau rate, the next two high permeability reservoirs (A,B)
are opened. The gas production rate for ithis scenario is shown in Fgure 5.85. The
overall cumulative production for this scepariodis 33 MMMscf asillustrated in Figure
5.86.

First, Reservoir C s perforated together with Reservoir D. Reservoir C
produces 10 MMscf/d at the'beginning and stops flewing at 8.5 MMscf/d due to high
water influx rate. After thet, thereis crass flow from this reservoir at late time of the
production. The cumulative production for Reservoir C is 6.4 MMMscf (see Figure
5.88).

Reservoir D praduces 8.5 MMscf/!(j at the beginning drops and stops flowing
at 1.5 MMscf/d. Cross flow oecurs from thls reservoir: The cumulative production for
Reservoir D is 1.4 MMMsci as depicted in Flgqre 5.88.

Then, Reservoir A is perforated togfé_t_hér with Reservoir B. Reservoir A can
produce to reach the plateau réte. There is >r_iorcross flow for this reservoir. The
cumulative productionfor Reservoir A i1s 24.0 MMMscf as.shown in Figure 5.88.

Reservoir B produces at high production rate and drops gradually until the
cross flow occurs. Thescumulative production for Reservoir B is 4.4 MMMscf
(Figure 5.88).
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Scenario 3a: Reservoir Size Selective (Thick Reservoirs First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.3. In this scenario, the thick reservoirs (A,C) are produced first. When the rate drops
below the plateau rate, the next two thin reservoirs (B,D) are opened. The production
rate for this scenario is shown in Figure 5.89. The overall cumulative production for
thisscenario is41.7 MMMscf (Figure 5.90).

First, Reservoir A is perforated togeiher with Reservoir C. Reservoir A can
provide the plateau rate with-Reservoir C. Reseiveir A produces at 17.1 MM scf/d and
stops at 16 MMscf/d due-te-high-water influx rate.There is no cross flow from this
reservoir. The cumulative produgetion for Reservoir A'1s23.6 MMMscf as depicted in
Figure 5.92. ‘.

The production rate for Reservoi rC increases to 4.1 MMscf/d and dropsto 1.5
MMscf/d, and then increasesi@gain ta 2.8, MM scf/d. There is no cross flow from this
reservoir. The cumulative production for Re__servoir C is6.3 MMMscf asillustrated in
Figure 5.92. s

Then, Reservoir B'is ‘perforated together with Reservoir D. Reservoir C
produces at high rate at the beginning and drbpsAvery fast. The production life for this
reservoir is very short and there is cross flow from this reservoir. The cumulative
production for Reservair C increases to 1.5 MMMscf and declines to 1.1 MMM scf
due to cross flow (Figure 5.92).

For Reservoir D, the production rate at the beginning is 3.8 MMscf/d and
drops until the cross flow eccurs. [ The cumulative production:for Reservoir D is 1.2
MMMscf (see Figure 5.92).



112

Prediction Results
case 3a (combination) Fetkovich s.s

20

16.0833

2.1667

8.25

33333 m— - o ablaflya

Gag Rate (MMscf/day)

0.416667

System Totals

01/01/2015 02/2/2016 J J04M212017 | 06/02120 "’\ 07/23/2019 09/11/2020

33000 | System Totals

27500

22000

~AUYINYRINYINT
q

N

Cur@ Gas Production (MMscf)
—
=
<o

(<))
(%]
o
(=]

0

110112015 02/21/2016 04/12/2017 06/02/2018 07/23/2019 09/11/2020
Time (date)

Figure 5.90: Cumulative gas production versustime (case 3 : scenario 3a)



113

Prediction Results
case 3a (combination) Fetkovich s.s

50

40
=
©
ke,
? 30
=
<
[=
2 20
o
3
=
2
o
P 10
o
a
=
< ol

-10

01/01/2015 0
B )
Figure 5.91: Average0a a-. C ime for Reservoirs A,B,C,D

24000 - ) : ‘,..—d'-’—- [Res A

20000

16000

12000

8000|"

Res C

gmulatlve Gas Production (MMscf)

=%

06/02/2018 07/23/2019 09/11/2020

Time (date)

Figure 5.92 : Cumulative gas production versus time for Reservoirs A,B,C,D

(case 3 : scenario 3a)



114

Scenario 3b: Reservoir Size Selective (Thin Reservoirs First)

The RF for this scenario is lower than that of Scenario 1a as listed in Table
5.3. In this scenario, the thin reservoirs (B,D) are produced first. When the rate drops
below the plateau rate, the next two thick reservoirs (A,C) are opened. The gas
production rate for this scenario is shown in Figure 5.93. The overall cumulative
production for this scenario is 32.9 MMMsgf as shown in Fgure 5.94.

First, Reservoir B is perforated  together with Reservoir D. Reservoir B
produces 17 MMscf/d at the beginning,and dieps oradually until cross flow occurs.
The cumulative productien-for Reservoir B reaches 2.6 MMMscf at one point and
varies during late produetion.iime due tq cross flow asdepicted in Figure 5.96.

The gas rate from Resevoir D iﬁcreases t0 6.2 MMscf/d and drops very fast.
Cross flow can be seen fromi this reservojfi The cumulative production for Reservoir
D increases to 1.8 MMMscf and declines to 1.4 MMMscf due to cross flow (Figure
5.96). , T 4
Then, Reservoir A'is perforated together with Reservoir C. For Reservoir A,
the high production rate is high @t the start Qf production, then declines, and becomes
stable at 14 MMscf/d for a few years and -df_ogs until the economic limit is reached.
There is no cross flow: from this reservoir. The cumulative production for Reservoir A
i$23.8 MMMscf (Figure 5.96).

Reservoir C produces at 5.3 MMscf/d and declines right away. Cross flow is
not observed in. this reserveir. The cumulative production for Reservoir C is 6.4
MMMscf (Figure 5.96).
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Scenario 4a: Commingled

This scenario provides lower RF than that of Scenario laaslisted in Table 5.3.
In this scenario, al reservoirs (A,B,C,D) are perforated at the same time since the start
of production. The gas production rate for this scenario is shown in Figure 5.97. The
cumulative gas production for this scenario is 32.7 MMMscf (Figure 5.98).

The uppermost Reservoir A is perfarated atogether with the other reservoirs.
It can provide the plateau raie for this scenario. There is no cross flow from this
reservoir. The cumulative production for Reserveir A is 23.6 MMMscf (see Figure
5.100).

Reservoir B producesat-high rate at the beginning and declines right away
until the cross flow is flewed: The cumui‘lative production for Reservoir B increases to
1.7 MMMscf and declines 10 4.2 MMlv_lécf due to cross flow as shown in Fgure
5.100. J

The productionrate for Reservoir ‘C_,vari&c along the production life. Thereis
no cross flow from this reservoir, The cumulative production for Reservoir C is 6.4
MMMscf asillustrated in Figure 5:400.

The production rate for Reservoir lj?_-i‘r_icreas& to 2.2 MMscf/d and declines
right away until crass flow is observed. The cumulative production for Reservoir D
increases to 1.8 MMM scf and declinesto 1.5 MMMsct due to cross flow as shown in
Figure 5.100.
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Scenario 4b: Commingled with Water Shut off

This scenario provides the highest RF as listed in Table 5.3. All reservoirs
(A,B,C,D) are perforated at the same time since the start of production but when any
reservoir produces water more than 1,000 bbl/MMscf, we shut in the reservoir and
leave the other reservoirs producing. The gas production rate for this scenario is
depicted in Figure 5.101. All reserveirs can provide the plateau rate for this scenario.
The overall cumulative production for this scenario is 56.7 MMMscf as shown in
Figure 5.102.

Reservoir A is perferated together with the other Reservoirs (B,C,D) at the
same time. This reserveir preduces ai high production rate that can provide plateau
rate due to big reservoir'size. Due to hiQh permeability, when the water production
reaches 1,000 bbl/MMsef which is aft(a,rﬂ“‘ two years production, we shut off this
reservoir and then leave the other reservairs producing. The cumulative production for
Reservoir A is12.6 MMMsef (Figure 5.104).

Reservoir B is volumetric-depletion drive. There is no water production. The
reservoir can produce for a long time Whiéh helps increase the recovery efficiency.
The cumulative production for-Reservoir B -i.s;_-1;5 MMMscf (Figure 5.104).

Reservoir C.is perforated together with the other-Reservoirs (A,B,D) at the
same time. Althoughthis reservoir is under water drive, it produces gas for the longest
time. There is no water-production due to low permeability and big reservoir size. The
cumulative production for Reservoir C is 37.0 MMMscf (Figure 5.104).

Reservoir D is' volumetric-depletion 'drive. | Hence, there is no water
production. The reservoir can produce for along time. The cumulétive production for
Reservoir D'is 5.7 MMMsct (F gure 5.104):
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5.4 Summary for Volumetric-Depletion Drive Gas

Reservoirs

Table5.4: Observation from volumetric-depletion drive gas reservoirs

results for case 1

123

HLLA Cumulative o .
Seenario RF (%) Production oduction
(%iof OGIP) Time (Y ears)
(MMMscf)
la 8160 0 95.6 80
1b 81.55 4.84 95.5 60
1c 7902 0.40 93.7 65
2a 8129 o.;é} 952 53
2b 8151 0 955 60
3a 8152 11 95.5 60
3b 81.56 0.40 95.4 61
4a 81/61 0 95.6 61

Thefollowings are.observed from Table 5.4

The level of cross flow isin the range of 0 - 4.84 % of OGIP. In fact, these

amounts of cross flow are recovered at later time. The disadvantage of cross flow is

the delay in recovering gas that crosses into other reservoirs. The cross flow volumeis
the highest in Scenario 1b : Bottom-up (Half depleted). The level of cross flow can be

larger where the rock and fluid properties are good and difference in reservoir

pressure between each reservoir is high. The cross flow level can be reduced by

avoiding opening of new reservoir when the producing reservoir pressure islow.
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The cross flow volume is none for Scenarios 2b (Low permeability reservoirs

first) and 4a (Commingled). The recovery efficiency in each case is amost similar.

Scenario 4a (Commingled) provides the highest RF, the longest production life, and

also the cumulative production.

5.5 Summary for Water Drive Gas Reservoirs

Table5.5: Observation from water drive gas reServoirs results for case 2

Cr(;ss = Cumulative o _
Seenario RE(%%) Production oduction
(%.0f QGIP) Time (Years)
v (MM M scf)
la 62.90 104 73.7 23
1b 20.80 d;}e 24.4 4
1c 32.95 6'? =, 386 12
2a 28.69 010 33.6 11
2b 20.02 0.10 34.0 5
3a 27.83 0.22 326 7
3b 29.39 0.16 %5 11
4a 28.94 0.07 340 11
4b 45.10 0 52.8 16

The followings are observed from Table 5.5:
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The level of cross flow isin the range of 0 —0.76 % of OGIP. The cross flow
volume is the highest in Scenario 1b : Bottom-up (Half depleted) and none for
Scenario 1c : Bottom-up (Maintain the plateau rate) and Scenario 4b (Commingled
with water shut off). Scenario 1a : Bottom-up (Fully depleted) provides the highest
RF and cumulative production among other scenarios for water drive gas reservoirs.

This scenario aso provides the longest production life.

5.6 Summary for Combination'Drive Gas Reservoirs

Table 5.6: Observation fropacombingation drive gas reservoirs results for case 3

o AU Cumulative o _
Scenario RF (%) . Production oduction
(% of, OGIP) Time (Years)
s (MMM scf)
la 34.09 | 0,’ _ll 40.0 9
1b 40.17 4.5§r 471 9
1c 28.93 0.86 V 33.9 4
2a 27.54 0.23 32.26 5
2b 28.13 2.03 33.0 11
3a 27.52 0.34 32.2 5
3b 28.05 0.81 32.9 5
4a 28.94 0.32 32.7 5
4b 48.41 0 56.7 16

The followings are observed from Table 5.6:
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The level of cross flow is in the range of 0.23 — 4.50 % of OGIP. The cross
flow volume is the highest in Scenario 1b : Bottom-up (Half depleted) and none for
Scenario 4b. Scenario 4b (Commingled with water shut off) provides the highest RF
and cumulative production among other scenarios for combination drive gas
reservoirs. This scenario aso provides the longest production life.

I
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CHAPTER VI

CONCLUSIONS AND REMARKS

This chapter provides the conclusions for 3 cases on the effect of various
perforation/production scenarios with different drive mechanisms for multilayered gas
reservoirs.

The reservoir model is built using single well.model based on bar and channel sands
that are commonly encountered in gasfields in Gulf of Thailand (GoT).

There are 3 casesin thisstudy.

Case 1: all reservoirs are'depleti on-drive gas reservoirs.

Case 2: all reservoirs areWater-dri Ve gas reservoirs

Case 3: two reservoirs areg depletion-drive eind another two reservoirs are water-drive.
There are 6 main perforation/production scenarios used in this study on each of the

cases as follows:

1. Bottom-up: In this scenario, the deepest réeri/'éir is produced first and then the next
upper reservoirs are opened- i sequence. This scenario alows the plugging of
depleted reservoirs without-problem-on-the next-upper-reservoirs. This scenario is
commonly applied in gas fields in Gulf of Thalland. There are four scenarios in this
study.
la. Fully depletedy; Inthisscenario, iThe deepest; resenvoir-is produced first until the
economic limit‘and-thenthe next upper reservoirs are opened in sequence.

1b: Half depleted: In this scenario, the deepest reservoir is produced first until the rate
drops below half the origin rate and then the next upper reservairs are opened in
sequence.

1c: Maintain the plateau rate: In this scenario, the deepest reservoir is produced first
until the rate drops below the origin rate and then the next upper reservoirs are
opened in sequence.

2. Permeability Selective
2a. The high permeability reservoirs are produced first until the rate drops

below the plateau rate and then the next low permeability
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reservoirs (C&D) are opened.
2b. The low permeability reservoirs are produced first until the rate drops
below the plateau rate and then the next high permeability reservoirs are
opened.
3. Reservoir Size Selective
3a. Thick reservoirs are produced first until the rate drops below the plateau
rate and then the next thin reservoirs are opened.
3b. Thin reservoirs are produced first until the rate drops below the plateau
rate and then the next thick reservoirs ar€ epened.
4. Commingled
4a. All reservoirs are opened tegether since the first day of production.
4b. All reservoirs are produeed.iogether but when any reservoir produces
water more than 1000 bibl/M M scf, we shut off the reservoir and leave the
other reservoirs producing. |
The results are compared In terms of ‘R, pécentage of cross flow from one reservoir
to another, and cumulative production aslistedin Tables5.4, 5.5 and 5.6.

Fr

6.1 Conclusions

Based on the study, the'results can be summarized as fottows:

1. The level of cross flow through well in multilayered gas reservoirs depends on two
main factors. ene is the differencesbetween:the reservoir pressures and another is the
reservoir rock and fltid properties.

2. There are two factors that affect gas production ffom multilayered-gas reservoirs with
active aquifer (water influx). Thefirst-one Is that the aquifer, as it .expands through
lowering reservoir pressure, traps the gas behind and reduces the recovery efficiency.
This factor affects each individual reservoir. The second one is the water
breakthrough which increases the pressure loss in tubing and thus increases bottom-
hole flowing pressure. This factor affects all reservoirs. It creates difference in

recovery efficiency for different production scenarios.
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. Permeability is another factor that plays an important role in production scenarios in
term of recovery efficiency. The higher the permeability, the shorter the production
life for multilayered gas reservoirs.

In volumetric-depletion drive gas reservoirs, Scenario 4a (Commingled) provides the
optima scenario in multilayered gas reservoirs. However, there is no significant
difference in RF among different scenarios. Commingled production also reduces the
well production problems such as well intervention to perforate other reservoirs and
workover

In water drive gas reservoirs, Scenario 1a'.-Bettom-up (Fully Depleted) provides the
highest RF among the other-scenarios that avoids-high water with less gas production.
The water production problems depend on the active aquifer and the reservoir
characteristics such as permecbility, relative gas permeability of the gas and distance
from water zone to well. ;

In combination drive gas reservoirs (both;\/ol umetric-depletion drive and water drive),
the Scenario 4b : (Commingled with water éﬁut off) provides the highest RF and the

cumul ative gas production@meng the other scenarios.
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