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The problem addressed her the challenge of determining the best
production strategy for multila ifs avhich varies from field to field as well
as from well to well. Commingicd ofi.strllegy is one of the most commonly
used for several multilaycred wells. H @.am some limitations to this
method. Mostly. when veg fléx multila; . which contain different types of

approach is basically tridl ¢ and later to be a poor choice. One

strategy is using numerical

reservoir simulation

In this study, we ation to eompare the performance of four
different production strate tions of types of fluid present in a
two-layer system. Strategy | = Hi uid is produced from two layers
simultaneously is ﬂighest pmdtwﬂon is present in the top and

starting with the buttgu iayer is the on a@-oach when reservoir fluid at
the top layer is gas while fluids present in the bottom layer can vary from oil, gas&oil.

s S AT R . i

with the hoﬂanﬂayer When the pl?ductmn rate decreases to ha]f of the original rate,
L LN AL £ MR 11N L
is also the best production approach when oil is presentin the d bottom layers.
Strategy 4 is similar to strategy 3 but starting with the top layer. This strategy is the
best production approach when oil is present in the top layer and gas&water in the
bottom layer. This approach can delay water production and sustain reservoir

pressure.
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CHAPTER |
INTRODUCTION

Most oil and gas reservoirs are stratified and divided into multiple zones as a
result of sedimentary deposition. Since thousands of these reservoirs are being drilled
every year to meet the increasing energy needs, many productive zones have often
been produced by commingling them to maximize reservoir production and ultimate
recovery [1].

The problem addressed here«is the challenge of determining the best
production strategy for multilayerreservoirs which varies from field to field as well as
well to well. Commingled production strategy is one of the most commonly used for
several multilayer reservoiis. However there are some limitations to this method and
the method does not_always wield «the ‘highest recovery. Commingled production
should not be applied when incompatible ‘fll]id such as oil and water are presented in
multi zones. In addition, €omniingled prdduction can be less attractive when sub-
surface well completion and surface equipm'ént Is constrained [2]. Another commonly
used strategy for multilayer system is a sébéfléte layer production which can solve
problems due to a large difference of interJI'éyer' pressure and heterogeneity such as a
rapid decline in production;-a-crossflow-between-ayers;-as well as a quick increase in
water cut [3]. In manycases, when very complex muitifayer reservoirs which contain
different types of fluid in each productive layer are identified, the selection of
production appraach may end upywith @apoor choice.

One attempted solution to choosing the ‘optimal production strategy is using
numerical reservoir. simulation, sincé the wrong production strategies may have been
selected ‘due”to ‘alimited understanding ‘'of each’strategy or even.of the reservoir
behavior itself. The numerical reservoir simulation software has made it possible to
evaluate different strategies in order to achieve the highest ultimate hydrocarbon
recovery. Importantly, understanding the fundamental multilayer reservoirs first is
essential to understand those complicated ones in an actual field. Consequently,
reservoir simulation models implemented in the study represent only two homogenous

layers of reservoirs.



The purpose of this study is to investigate the impact of different production
strategies for multilayer reservoirs containing different kinds of fluid in order to

maximize the ultimate recovery of hydrocarbon.

1.1 Methodology
1. Gather and prepare data for simulation model.

2. Constructed a hypothetical Eclipse 100 simulation model for different types of
multilayer reservoirs.

3. Run simulation for 15 base cases to verify the integrity of each model.

4. Conducted sensitivity on productionstrategy for seven cases to observe the impact
of different productien-straiegies for multilayer reservoirs and developed the best
guideline for each-ease.

5. Analyzed the simulationsesulisand C,or.].clude.

1.2 Thesis outline LA
This thesis consists 0f Six chapters. The outlines of each chapter are listed

below: {,

|

Chapter I reviews' previous studi-es%ljgelated to production problems and
production strategies used in the multilayer_r_f—;fseirvoirs

Chapter I11 describes théory and conéé_[)_fs_ rélated to this study.

Chapter IV de5cribes the methodology for this study.

Chapter V describes production performance from simulation results case by
case, as well possible reasons that support their performances.

ChapterVI provides conclusion and recommendation of the study.



CHAPTER II
LITERATURE REVIEW

This chapter discusses some works related to multilayer reservoirs and the
development of production of multilayer reservoirs. Unfortunately, reservoir
simulation on production strategy to enhance recovery has not been broadly
investigated. Thus, most of the following literatures discuss related works in the

actual filed.

2.1 Previous works

Prokhorov [1] intsodueed a success of taking a technique of commingled oil
production in the Uvat project in Russia. Some fields in the project contain not one,
but several productive’zongs. At the initial life of the field, the company operates such
zones separate. However, this is very:costly in terms of money and time. His solution
to the problem is commingled oil producti_o_h which makes it possible to develop two
reservoirs at the same time via a single:\)\'/‘elﬂll_, without drilling additional grid or
disconnecting the reservoirs. At the wellhead, the flow rates are measured and all the
hydrodynamics tests are performed. With co‘r-n’rr-]ingled production, even with a high
water cut and not mugh of production from the lower reservoir, the more productive
higher formation can be developed at the same time, doubling the flow rate from a
single well and boosting the.oil recovery factar.

Al-Shehri, Rabaa, Duenas and Ramanathan [2] investigated the criteria used to
select suitable candidates for commingled production in Khuff reservoir. They found
that the impiementation of\a“successful commingled: praduction stratégy depends on
several factors. These include 1) proper candidate selection 2) implementing the
correct stimulation/completion strategy and 3) correct evaluation of data and post
treatment performance. To select the best candidate wells for commingled production
from the Khuff zones, a reservoir and production engineers has to carefully study and
evaluate all available data. The most vital parameters are porosity, permeability, and
reservoir pressure that determine the potential of each zone.

They also investigated the production performance from each individual zone

in Khuff reservoir after commingling the production. Two wells had commingled



production implemented since wells start-up, while the other two wells had the
commingled production implemented at a later stage. They found that completing gas
wells commingled with all productive zones meets the corporate mission of
maximizing Khuff production, ultimate recovery and reducing costs. Moreover,
delaying completing Khuff-B or A (when available) will accelerate well decline
making it necessary to offset this decline with additional drilling. Additional risks,
associated with delaying completing ,other Khuff zones, are deteriorating well
conditions that might render Khuff-B fraciuring impractical, and the possibility of
damaging Khuff-C at lower reservoir pressure_inpresence of condensate banking.

Yupu and He [3] introduced oil production engineering for heterogeneous,
multilayer sandstone oil field in the basis of separate zone production. Daging is a
giant, heterogeneous and" multilaver_sandstone oilfield whose reservoirs can be
divided into 80-120 smalldayers: From the initial increasing the production process to
the later stabilizing production jprocess, separate zone production theory has been
created for reservoir engineering. As a result, it makes an important contribution for
keeping stable production of 50 million to_n_é. for 27 years. This technology is a basic
technical means to keep' reservoir préééurﬂe, adjust interlayer and horizontal
contradiction, control casing damage and rising of water cut, and improve recovery
factor. e

Jiraratwaro 4] investigated the optimization of completion strategy in
multilayer reservoirs. In this study, reservoir models were built based on history
matching on the production profiles using Integrated Production Model software.
Then, six perforation ‘strategies are applied to the same ‘well in order to see the
difference. Thelstrategy delivering the highest oil recovery for most well was
considered-top performer-forithe conditiontin whichithe researctiywas based on. The
results obtained indicate that no single strategy appears to consistently deliver the
highest oil recovery. For recovery of gas, the actual perforation that includes plug and
patches yields the lowest water recovery and the bottom up perforation is the most
favorable.

Rytlewski [5] proposed a new successful method of completing multiple-layer
formations which is called Treat And Produce (TAP) Completion. The Treat And
Produce (TAP) Completion system has been developed to allow the efficient

treatment of individual layers one at time without any interventions. The TAP valves



are near full bore and do not require incremental reductions of internal diameter and
thus allow normal cementing operations.

According to the study, this work is valuable and practical when separate layer
production strategy is employed in the multilayer reservoirs because TAP Completion
can save days of completion time and provides mean to efficiently treat all layers
independently for optimum production.

AULINENINYINS
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CHAPTER 111
THEORY AND CONCEPTS

3.1 Multilayer reservoirs

The multilayer reservoirs can be divided into two types according to whether
there is crossflow between layers. One is commingled system which means the layers
have been isolated by non-permeable intesbed no crossflow exists, the other is

crossflow system where thereis.connectivity between layers.

3.1.1 Commingied system
Commingled resenvOirs” are 'the reservoirs that are connected only in the
wellbore. These reservoig systems. do not have cross flow within the reservoir

boundaries [6].

3.1.2. Crossflow system 4

Whenever there is a pressure diffe_;r-gnce between two layers, crossflow will
occur if there is communication -between: layers.” Generally, differences in radial
permeability and skin factor are the most important reasons for causing the formation
crossflow. A more permeable layer produces rapidly, which causes bigger pressure
drop. Thus at the same distance from the wellbore, the formation pressure becomes
higher in the less permeable layer than that in the more permeable layer, and the
reservoir fluid starts flowing from the less to the more permeable layer. This
crossflow phenomenon_has:many  characteristic effects both «on the response of the

wellbore pressure and on the production rate from.each layer [7].
3.2 Commingled‘production

3.2.1 Application of commingled production

Commingled production has been often applied for depleted stratified
reservoirs, where production rates of individual zones are very low and economically
unattractive. However, commingled production has recently been applied for other

purposes listed below [2]:



1) Reservoir production close to economic limit.

2) Reservoirs under water or gas drive. Commingled production can lead to a
better volumetric replacement balance and delay fluid breakthrough without reducing
the total production rate.

3) Reservoir with sand production, fine migration of coning problem, where
fluid velocity in the wellbore needs to be controlled without reducing the total
production rate.

4) Reservoir where higher productionrate are required.

3.2.2 Advantages of commingled preduction

Generally, commingled.production in oil and gas reservoirs has the following
tangible benefits [2]:

1) Enhancing production” /utilizing existing assets to minimize capital
expenditure. '

2) Maximizing the'Net Present Value (NP\/) by accelerating reserves recovery
from multi zone reservoirs. '

3) Improving lifting efficiency to preleng the well’s economical life.

Additionally, commingled production has the following intangible benefits:

1) Improving volumetric Sweep efficiency and delaying premature fluid
breakthrough.

2) Minimizingthe sand production without impacting the well’s performance.

3.2.2 Commingled production limitations

There are limitations associated withycommingled production, which should be
recognized and“planned in advance, Commingled production can be less attractive
when [8}:

1) Incompatible fluids are produced from multi-zones.

2) Cross-flow occurs between/among zones due to large differential pressures.
This condition might induce cross flow, if P, of the system at the face of particular
zone is greater than its static reservoir pressure.

3) Significant differences in GLR, water cut, oil gravity and production
mechanism. Commingled production work best when zone conditions are similar, but
it does not mean that they cannot produce together. It only implies that the process

requires close monitoring.



4) Long separation between producing intervals. Long distance between zones
means large pressure differences that can lead to crossflow conditions.
5) Sub-surface well completion and surface equipment are constrained.

6) Requiring a good geological model describing the zones to be commingled.

The key factor for successful commingled production is to keep the flowing
bottomhole pressure of the system below the lowest static reservoir pressure. The best
result would be achieved when similar static.pressure zones are combined or when the
lower static pressure zone exhibits higher produetivity index [8].

From the reservoir management perspective, having no downhole permanent
monitoring systems instalied or conventional production logs run periodically, it
would be difficult to quantify and allocate production from the individual zones.
Knowing the contribution”is essential for constructing a good simulation model to

sensitize various strategieson commingling production [3].
3.3 Selective completion for multilayer reservoirs [9]

3.3.1 Mechanically isolated selectiille"cgmpletions

Mechanically isolated .selective cgrh_pj_etions are frequently used for the
purpose of selectively:producing and selecti\)ely isolating completion intervals. From
a design standpoint, these completions are mechanically very similar to dual

completions but with only one production string.

3.3.2 Packerless selective eompletions

Packerless Selective ‘completions are a less“expensive” attempt to selectively
produce_or selectively isolate_ two or more zones-or sections of the same completion
interval.” The mechanical design 'is essentially that of a sihgle-zone gravel pack
completion. In this completion design, all of the zones are perforated at once and one
gravel pack is placed, using two or more sections of screen each separated by a length
of blank liner. Usually the lower screen section is a selective screen. There is no
annular isolation between the sections other than the settled gravel column. This
design relies solely on the permeability of the gravel column to restrain flow between
the sections until the selective is utilized. Packerless selectives do not provide total

isolation and, therefore, their use should take this aspect fully into consideration.



3.3.3 Multi-zone completions

Multi-zone completions involve several zones to be gravel packed in one trip.
Production from all of the zones is commingled into one production string. Hydraulic
packers set inside production casing to separate each zone, allowing each to be

separately gravel packed.

3.3.4 Through-tubing completions

Through-tubing gravel packed completions are becoming an increasingly
important method of remedial sand control'and.as a repair alternative to failed gravel
packs. Workover costs can be dramatically reduced, since the equipment can be run
with a small work string=or coied tubing for short intervals by wireline. Through-
tubing completions are“especially desirable for low rate wells or where remaining

reserves are low.

3.4 Reservoir Drive mechanisms [10]

Producing oil and gas needs energy, LJ_suaIIy some of this required energy is
supplied by nature. The hydrocarbon fluids .ar-e under pressure because of their depth.
The gas and water in petroleum reservoiré .hﬂnd‘.er pressure are the two main sources
that help move the oil to the well bore and somgt_imes up to the surface. Depending on
the original characteristics of hydrocarbon réservoirs, the type of driving energy is
different.

3.4.1 Depletion-drive reservoirs

When a-newly discovered resefvoir-isshelew the bubble point pressure, there
will be free gas as bubbles“within-the oil phase in‘reservoir.“The reservoir pressure
decreases as_production goes on and this_causes emerging and-expansion of gas
bubbles creating extra energydn the reservoir. These kinds of reservoirs are called as
depletion-drive or solution gas drive reservoirs. Crude oil under high pressure may
contain large amounts of dissolved gas. When the reservoir pressure is reduced as
fluids are withdrawn, gas comes out of the solution and displaces oil from the
reservoir to the producing wells. The efficiency of depletion-drive depends on the
amount of gas in solution, the rock and fluid properties and the geological structure of
the reservoir. Recoveries are low, on the order of 10-15 % of the original oil in place

(OOIP). Recovery is low, because the gas phase is more mobile than the oil phase in
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the reservoir. Depletion-drive reservoirs are usually good candidates for water-

flooding.

3.4.2 Gas-cap-drive reservoirs

Sometimes, the pressure in the reservoir is below the bubble point initially, so
there is more gas in the reservoir than the oil can retain in solution. This extra gas,
because of density difference, accumulates at the top of the reservoir and forms a cap.
These kinds of reservoirs are called a gas-cap-drive reservoir. In gas-cap-drive
reservoirs, wells are drilled into the crude o'|l-'§p6gycing layer of the formation. As oil
production causes a reduction in pressuse, the éas in gas cap expands and pushes oil

into the well bores. Expansign t_b;e gas cap is limited-by the desired pressure level in

the reservoir and by gaﬂf}dﬁion after'}gas comes into production wells.

Figure 3.1: Schematic of a typical gas-cap-drive reservoir [11]

3.4.3 Water-drive Reservoirs

Most.oil.or.gas.reservoirs.have water aguifers..\When.this water aquifer is an
active one, continuously fed by incoming water, then this-bottom-water will expand as
pressure of the oil/gas zone is reduced because of production causing an extra driving
energy. This kind of reservoir is called water drive reservoirs. The expanding water
also moves and displaces oil or gas in an upward direction from lower parts of the
reservoir, so the pore spaces vacated by oil or gas produced are filled by water. The
oil and gas are progressively pushed towards the well bore. Recovery efficiencies of
70 to 80 % of the original oil in place (OOIP) are possible in some water drive

reservoirs.
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OIL or GAS

ss gas than is required to
saturate the oil at the pre perature of the remrvoir. When the oil is highly
under-saturated much of‘the.reservoir ene is stored in the form of fluid and rock

compressibilitﬂPu& Qdclinbs thpily as fibids aré Withdrawn from the under-

saturated reserv%‘r until the bubble point is reached. Then, solutiop gas drive becomes
ve o) RO, R e v v
and the pressure data will identify an under-saturated reservoir. Those reservoirs are
good candidates for water injection to maintain a high pressure to increase oil
recovery.



CHAPTER IV
METHODOLOGY

The proposed methodology to investigate the impact of production strategy on
the ultimate recovery factor for different kinds of reservoir fluid in multilayer system,
reservoir simulator is used as a tool to mimic different types of reservoir and predict
the production performance. As a result, the best strategy for each reservoir type can
be obtained.

We used ECLIPSE. 100 reservoir simulator-for black oil to simulate different
multilayer reservoirs containing.different kinds of fluid. Totally, fifteen cases of
multilayer reservoirs were put4nio the study in order to fulfill the objective. Then,
sensitivity analysis iss€onducted to observe the performance of different production

strategies. -

4.1 Case description

A hypothetical reservoir simulation._kn_odel used in the current study represents
two layers of homogeneous comming|ed7;rés"ervoirs. At initial condition of the
reservoirs, six different combinations of fluid can possibly exist in each layer of
reservoir. These cambinations include 1) oil, 2) gas, 3) gas&oil, 4) oil&water, 5)
gas&water, and 6)“gas/oil/water. As a consequence, fifteen cases of multilayer
reservoirs were constructed as defined in Table 4.1.

Table 4.1 Fluid description of 15 different cases

CASE BESCRIPTION

Case1: GO The top layer contains single-phase gas while the
bottom layer contains single-phase oil.

Case 2: G — G&O The top layer contains single-phase gas while the
bottom layer contains two-phase gas and oil.

Case 3: 0 - G&O The top layer contains single-phase oil while the
bottom layer contains two-phase gas and oil.




Table 4.1: Fluid description of 15 different cases (cont.)

Case

Description

Case 4: O - O&W

The top layer contains single-phase oil while
the bottom layer contains two-phase oil and
water.

Case 5: G - G&W

The top layer contains single-phase gas while
the bottom layer contains two-phase gas and
waters

Case 6: G — O&W

The top layer contains single-phase gas while
the bottem.dayer contains two-phase oil and
water.

Case 7: O - G&W

The top layer contains single-phase oil while
the ‘bottom layer contains two-phase gas and
water.

Case 8: G — G&O&W

The top layer contains single-phase gas while

| the bottom layer contains three-phase gas, oil

and water.

Case 9: O — G&O&W.

j-and water. .,

f “Fhe tob-‘ layer contains single-phase oil while

the bettom layer contains three-phase gas, oil

d

Case 10: G&O - G&W

The topﬁye_r_ contains two-phase of gas and oil
while the bottom- layer contains two-phase gas
and water.

Case 11: G&O — O&W

The top layer contains two-phase of gas and oil
while the bottom layer contains two-phase gas
and water.

Case 12:'G&W - O&W

The top! layer ‘contains” two=phase of gas and
water while “‘the” bottom' layer contains two-
phase oil and water.

Case 13: G&O - G&O&W

The 'top layer cantainstwo-phase of‘gas and oil
while the bottom layer contains three-phase
gas, oil and water.

Case 14: G&W - G&O&W

The top layer contains two-phase of gas and
water while the bottom layer contains three-
phase gas, oil and water.

Case 15: O&W - G&O&W

The top layer contains two-phase of oil and
water while the bottom layer contains three-
phase gas, oil and water.

13
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4.2 ECLIPSE input data

The data files in ECLIPSE are divided into sections and each input file is
introduced by a keyword. Each section required a header word and the header words
of the main sections are GRID, PVT, SCAL, INITIALIZATION, REGIONS,
SCHEDULE, and SUMMARY. Moreover, these sections must be generated
following the above order. Each section must contain minimum data required. The
sections that are normally required fer the input files are GRID, PVT, SCAL, and
SCHEDULE.

4.2.1 GRID

In this section, the gecmeiry of the reservoir and its permeability and porosity
are specified. The reservoir'madel is constructed by amount of established volume
elements namely ‘grid bloeks” that, represent the geological reservoir construction.
Cartesian grid model, which is commonlly used to simulate the full field simulation
model, will be used. The reservoir model |s assumed to be homogenous. The top of
structure is located at a depth of 2,350 ft, with dimensions of 5,000 ft x 5,000 ft and a
thickness of 500 ft. The number of‘block iS{éO x 50 x 50. The porosity of the reservoir
is assumed to be 25%, thehorizontal "pe‘f'r’heability is 100 mD, and vertical
permeability is 10 mD. Figures 4.1, 4.2,‘éhd“'4.3 illustrate the model used in the

current study in terms-ef-top-view; side-view-and-3D-view, respectively.

The reservoir model consists of 100 Tt of productive zone at top layer and 100
ft of productive zone at” bettom layer. Thestwo layers are separated by 100 ft of
impermeable zone |(coal or shale). For that reason, impermeable zone was defined in
the reservoir model by specifying them as inactive cell. Shale is in_layer 1-10, 21-30
and 41-50"are ‘specified as|inactive cell in‘the imodel’ by using’/ACTNUM keyword.
The constructed model with identified active and inactive cells is illustrated in Figure
4.3.
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TOP
LAYER

BOTTOM
LAYER

422PVT L7 ,,

Since all cases gse the same fluid property. For example, gas and oil properties
in case 1: G_O is the same. as gas and oil properties in case 2: G_G&O. Therefore,
PVT propertiesiof oil (PVTO) at above the bubblepoint pressure and PVT properties
of dry gas (PVTG) were input to the ECLIPSE. The input data for PVTO and PVTG
are shownin Table4.2@nd 4:3; respectively.

Because both top and bottom layers use the same PVT, thus different bubble
point pressure was input to the ECLIPSE. The reason for different bubble point
pressure between two layers is that the bubble point pressure is the reservoir pressure
at GOC depth. Since each layer has the same fluid property but different GOC depths,
therefore; the reservoir pressure at GOC depth or the bubble point pressure was

different for each layer.
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The bubble point pressure for the top layer is 1,062.2 psia at Rs of 0.973
MSCF/STB while the bubble point pressure for the bottom layer is 1,150 psia at Rs of
1.140 MSCF/STB.

At surface conditions, the oil density is 42.28 Ib/ft, the density of water and
gas is 62.43 Ib/ft® and 0.0971 Ib/ft®, respectively. The initial solution gas-oil ratio is
973 SCF/STB. The water formation volume factor is 1.013 RB/STB at 3118 psia with
constant water viscosity of 0.4 cp and v7pressibility of 2.74E-6 (psi)™.

W

Inpu VTO

PVTO

116/
.107
.094
.091
.090
.089
.088
.091
.096
.105
.111
.115
.124
.134
.141 /
.083 /
.073
.081
.085

, .089
2500.0 1.773 .097
@ g 3035.7 gl.735 .105

ﬂ%&’]ﬂﬁl%’i%mﬂﬁ /

N N

OOOOé-OOOOOOOOOOOOOOOO

1.686 150@() 0 06
3035.7 240 O 081
3400.0 2.202 0.086 /

2.403 1783.8 3.107 0.052
2000.0 3.025 0.055
2500.0 2.881 0.061
3035.7 2.770 0.067
3400.0 2.709 0.071 /

5.000 3300.0 3.500 0.041
3400.0 3.460 0.042 /
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Table 4.3: Input data for PVTG

PVDG
100 17 0.0115
250.0 12.65 0.012
500.0 6.076 0.013
570.3 5.662 0.013
587.8 5.558 0.013
605.4 5.455 0.013
640.5 5.248 0.013
781.1 4.420 0.013
1062. 3.413, 0.014
3.“ 0144

V.,
Z/\
N

2Lﬂ AR
]l

4.2.3 SCAL %, ()
J'Idda-l ¥

In special core analysi g&t@ n-_ !
first table is relative permeal |ty‘w_ﬁf,s U
SWOF keyword, as detailed i
table was used when the reservoi

aturation tables are specified. The

' \
ion ion of oil and water defined in

ap ically shown in Figure 4.4. This
h oil and water at initial reservoir

condition which ap ofied to all cases except case 5

m Table 4.4: Input data for svvm:
ﬁﬁaquWﬁwawn@w

amé@m%wﬁwmm

-

0.045 0.078
O. 0.154 0.014 O
0.70 0.387 0.001 0
0.73 0.480 0.000 0
0.80 0.800 0.000 0
1.00 1.000 0.000 0
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SEFM (Gas Saturation Funchons)
el ]

kg

depth, pressure at dat depth were input into the

simulator. In case the d C depth, the pressure at that
versus depth must be defined to

density gradient for all grid cells. Depth of

188

GOC = 2680 ft
WOC = 2710 ft

Bottom depth = 2850 ft
Figure 4.8: Depth of reservoir model
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There are 2 equilibration data: one for the top layer and another one for the

bottom layer as shown in Table 4.8.

Table 4.8: Input data for initialization of 15 different cases

Case Layer Datum dZtS:n WOC GOC
depth (ft) depth depth (ft) | depth (ft)
(psia)

R
cuezGoce0 R e o
crez0-Ga0 R L e
ceai0-osw A e | a0 o
Case 56 Gaw 2dd oot NNy o oo
Case &G 0BW E e O e oo o
curo-can B N W iz |0 | e
Case 8: G — G&O&W ’;z?t;girayer ' ’:fgig 1355262 ;?28 3228
Case 9: 0 - G&O&W» 5\ ;iftéan%ﬁ;yer ‘ jj‘:ggg(g) 1(;){716;3 - ;?gg 5228
case 10: G20~ G e T o700 | 10
Case 1: 680 - 0= | T s | a0 | oo
case 12:GaWEDRW § | T S S B A S T e
Case 13: 680 - 680&W | g8 T | aes0
case 14660 G&0aW | BB i it 1 om0 aemo
Case 15: 08w G&0aW | g8 Mo s T a0 | 60

*This value is obtained from ECLIPSE using calculation from fluid density gradient.

Model of each case at initialization was visualized by phase separation as

shown in Figure 4.9 through

Figure 4.23.




Figure 4.9 Anitialized reseriﬁéjir"‘model for Case 1: G - O

b sdia

Figure 4.10: Initialized reservoir model for Case 2: G — G&O
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Figure 4.12: Initialized reservoir model for Case 4: O — O&W
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Figure 4.13¢ Initialized reservoir model for Case 5: G — G&W
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Figure 4.14: Initialized reservoir model for Case 6: G — O&W
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Figure 4.16: Initialized reservoir model for Case 8: G — G&O&W
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Figure 4.18: Initialized reservoir model for Case 10: G&O — G&W
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Figure 4.19: Inluallzed reservow rpodel for Case 11: G&O — O&W

Figure 4.20: Initialized reservoir model for Case 12: G&W — O&W
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Figure 4.21: Initialized reservoir model for Case 13: G&O — G&O&W
A ¥ /N

Figure 4.22: Initialized reservoir model for Case 14: G&W — G&O&W
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424REGIONS = 7=,
The REGIONS section splits the computational ;fgud blocks into regions for

calculating fluid prop'é’_r,tms saturation properties and mnﬁ‘af conditions in the reservoir
in each region. For this study, FIPNUM and EQUINUM were defined in order to

calculate region production-and initial conditions, respectively.

4.3 Simulation conditions

After all casesthad been established, they were simulated*as the reservoir was
produced by natural depletion method. The tubing head pressure target of 200 psia
was used for production well and VFP tables were generated via PROSPER. The
maximum oil or gas production rate was used as the control variable to sustain a
plateau production period at the beginning. The oil rate was varied case by case
depending on OOIP while gas rate was set at 10,000 MSCF/D. The economic limits
were defined at minimum gas rate of 500 MSCF/D and minimum oil rate was varied

as shown in Table 4.9.
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The perforation intervals applied to each fluid type in the layered reservoir are

shown in Table 4.10.

Table 4.9: The maximum rate and economic limit for oil production

Maximum oil Minimum oil
Case production rate production rate
(STB/D) (STB/D)
Case1:G-0 1,000 50
Case 2: G- G&O 500 25
Case 3: 0 - G&O 17500 75
Case 4: O — O&W 1,500 75
Case 5: G — G&W ES **
Case 6: G — O&W 500 25
Case 7: O — G&W 1 1,000 50
Case 8: G — G&O&W 1 4300 15
Case 9: O — G&O&W — 1,300 65
Case 10: G&O — G&W ) 500 25
Case 11: G&O — O&W 1,000 50
Case 12: G&W — O&W 500 25
Case 13: G&O — G&O&W 800" 40
Case 14: G&W - GRO&W. 1300 15
Case 15: O&W -~ G&O&W 800 : 40

*Maximum gas rate was set at 10,000 MSCF/D.
**Minimum gas rate-was set at 500 MSCF/D as an economic limit.

Table.4.10: Perforation.interval for different kinds of.reservoir fluid

Reservoirfluid

Perforation interval

Single-phase gas

Well issperforated 100 ftiull to
base of gas;sana.

Single-phase oil

Well is perforated 100 ft full to
base of oil zone.

Two-phase gas and oil

Well is perforated 30 ft from the
bottom of oil zone.

Two-phase gas and water

Well is perforated 30 ft from the
top of gas zone.

Two-phase oil and water

Well is perforated 30 ft from the
top of oil zone.

Three-phase gas, oil and water

Well is perforated 20 ft in the
middle of oil zone
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4.4 Production strategy

A study on production strategy for 15 cases was conducted in order to observe
the impact of different production strategies for multilayer reservoirs and develop
guideline for each case. Four different production strategies were considered here as

defined as follows were considered.

Strategy 1: Commingled production

The fluids are produced from two layersSimultaneously.

Strategy 2: Separate layer productionj

The fluid is produeed from one layer at a time, starting with the bottom layer.
When the production #rom.the bottom layer reaches economics limit or stops
producing, the reservoir s plugged and 'ij{blated. Then, we start producing from the

top layer.

Strategy 3: Commingled praoduction whe-h' bottom layer half depleted
The fluid is produced fromi-one Iayé':r',‘a_t a time, starting with the bottom layer.

When the production rate decreases to half?éf the original rate, the upper layer is

perforated. Then, the.production comes from two layers simultaneously.

Strategy 4: Commingled production when top layer half depleted
The fluid is produced from one layer at a time; starting with the top layer.
When the production rate“decreases to_half of the original rate, the lower layer is

perforated. Then, the production cames from twa layers simultaneously.



CHAPTER V
SIMULATION RESULTS AND ANALYSIS

When fifteen simulation cases representing different multilayer reservoirs
which contain different kinds of fluid have been simulated, all results are generated
and analyzed in this chapter. The production performances i.e. oil production rate,
gas production rate and water production rate for different production strategies are
observed to see the effects of each approach” om cumulative production, recovery
factor and abandonment tiime:

Cumulative productien .of each reservoir fluid, recovery factor and
abandonment time achievedfrom each production strategy is visually summarized in
the table form. The+~highlight cells aré (the most faverable out of all strategies
comparing factor by fagtor /The main fac;tors primarily concerned as criteria to select
the best production strategy and develft:)_pd'- the best guideline for each case are
cumulative production and recovery factor'of oil, gas and water. The best strategy
should deliver maximum barrel of oil equi\i%tent or BOE as well as deliver minimum
water. When these factors obtaifed from éiﬁférent strategies are similar, then the
abandonment time will be used @ criteria.

At this point; the-resulis-obtained-from-simulation are presented and analyzed
case by case. As well,possible reasons that support the hest strategy in each case are

described.
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51Case1l: G-0O

In this case, the reservoir consists of 100 ft of gas zone at the top layer and 100
ft of oil zone at the bottom layer. These two layers are separated by 100 ft of
impermeable layer. The top layer is a gas reservoir with depletion-drive. The reservoir
is perforated 100 ft full to base of gas sand. The bottom layer is an undersaturated oil
reservoir with depletion-drive. The reservoir is perforated 100 ft full to base of oil

sand. A well schematic of Case 1 is hv/, in Figure 5.1.

100 ft of perforation full
to base of gas sand

100 ft of perforation full —
to base of oil sand

quﬂfj - : ﬂ 750 ft
RIAINTUNATINY 1A

Figure 5.1: Well schematic for Case 1: G — O

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.2 and

comparative results are summarized in Table 5.1.
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Figure 5.2: Production profiles of Case 1: G- O
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Table 5.1: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 1: G - O

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production
with bottom up bottom layer | when top layer
half depleted half depleted

Cumulative production
Oil (MSTB) 12,995 || [/ J 13,066 13,040 10,585
Gas (MMSCF) 23,031 37,313 23,032 48,326
Free gas (MMSCF) 10,871 25,093 10,829 39,163
Solution gas (MMSCF) 12,160 12,220 12,203 9,163
MBOE R 10,499 17,011 18,017
Water (STB) 03 0 0 0
Oil recovery factor (%) * 300412 |\ 8021 30.15 24.47
Gas recovery factor (%) ** 3067 =% 14969 30.67 64.35
Abandonment time (day) 19,426, | . 23,469 19,531 15,491

* Qil recovery factor = total il production / OOIF:?
* Gas recovery factor = (total free gas production }_,_togal solution gas production) / OGIP

5.1.1 Oil production £

For oil production cemparison, cum'l-jlé{ive production and recovery factor
obtained from strategies 1, 2 and 3 are very similar as stiimmarized in Table 5.1. This
is because the wells start producing oil from the same OQOIP at the very beginning and
keep producing oil until the reservoir depletes at abandonment rate as shown in Figure
5.2. Thus, cumulative .oil ‘productions, obtained ,from these 3.strategies are equal as
shown in Figure 5.5B.

Strategy 2 delivers the highest cumulative oil productienand oil recovery
factor. “The reasan s that no crossflow.takes place between the layers since oil from
the bottom layer and gas from the top layer is produced one at a time.

Strategy 4 delivers the lowest cumulative oil production and oil recovery
factor. The well starts producing gas from the top layer reservoir which creates a very
large and rapid pressure drawdown at the top layer as shown in Figure 5.4A. After
that, both layers are produced simultaneously. Since there is a large difference in
reservoir pressure between the two layers, a lot of oil from the bottom layer flows into

the top layer. This is the reason why a large quantity of oil remains in the top layer
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and cannot be produced to the surface. The negative oil rate and cumulative oil
production of the layer can assure that crossflow takes place in the reservoir as clearly
revealed in Figure 5.3 and 5.5A.

Strategies 1 and 3 do not deliver the best result for oil production since cross-
flows occurs as shown in Figure 5.3 but cannot be obviously seen. The cause is that
the pressure at the top layer which is occupied by gas depletes a lot faster than the
bottom layer and hence oil from the hottom layer flows into the gas sand. However,
the amount of oil that flows into the gas layer isinot as much as strategy 4.

In summary, strategy 2 gives the highestultimate production of oil as shown
in Table 5.1 with the yellow highlight. However, strategy 1 which yields a little bit
lower oil recovery may be“mere aitractive since only one batch of perforation is

needed while strategy 2 needstwo perforation runs.

5.1.2 Gas production

For gas recovery,/strategies 2 and 4 deliver excellent outcomes because gas
from the top layer reservair is produced separately. Producing gas without oil, the
pressure drawdown is large and sharp as depicted in Figure 5.4A. In general, as the
reservoir pressure drop is larger, a higher amount of gas is produced, due to a greater
expansion of gas remaining i the reservoir. This mechanism that provides energy to
move gas to the surfaée is called depletion-drive which is an efficient mechanism for
a gas reservoir.

Importantly, strategy 4 can deliver the extra amount of gas as shown in Figure
5.6B due to thesadditional-supporting.pressure, from crossflow which abruptly takes
place after perforating the bottom layer. A 1ot of oil-from the crossflow is a key reason
since it supports energy to move extra amount of=fluid out of theitop layer reservoir.
As we*“can see the'increasing of reservair pressure after crossflow takes place in
Figure 5.4A. That is a reason why strategy 4 delivers the highest gas cumulative
production and recovery factor.

Strategies 1 and 3 deliver the lowest cumulative gas production and recovery
factor. This is because gas is produced in company with oil from the bottom layer.
Since the reservoir pressure is better maintained due to production of oil as shown in
Figure 5.4C, gas in the top layer will expand not as much. For this reason, a lower

amount of gas is produced when compared to other strategies as shown in Figure
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5.6A. Moreover, there is a small crossflow of gas into the top layer but cannot be
clearly seen in Figure 5.3.
In summary, strategy 4 is the best approach to maximize the ultimate

production of gas as shown in Table 5.1 with the green highlight.

5.1.3 Summary

Strategy 2 which is separate layer production delivers the highest production
for oil while strategy 4 which is commingled production when top layer half depleted
delivers the best recovery for gas. HoweverStrategy 2 delivers the highest results in
term of barrel of oil equivalent or BOE. Therefore, strategy 2 is the most excellent
strategy for this kind ofsmultilayer reservoirs as shown in Table 5.1 with the brown

highlight.

-6,000 <«—Crossflow

Oil production rate
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A
o
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S
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-10000 <—Crossflow

0 5000 10000 15000 20000 25000
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= Strategy 1: Commingled production

== Strategy 2: Separate layer production with bottom up

= Strategy 3: Commingled production when bottom layer half depleted
Strategy 4: Commingled production when top layer half depleted

Figure 5.3: Production profiles of Case 1: G — O, at the top layer
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Figure 5.6: Total gas production of Case 1: G — O at (A) the top layer, (B) the bottom

layer and (C) both layers
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52 Case 2: G-G&O

In this case, the reservoir consists of 100 ft of gas zone at the top layer and 50
ft of gas and oil zone each at the bottom layer. These two layers are separated by 100
ft of impermeable layer. The top layer is a gas reservoir with depletion-drive. The
reservoir is perforated 100 ft full to base of gas sand. The bottom layer is a saturated
oil reservoir with a gas cap above. The reservoir is gas-cap-drive and is perforated 30

ft from the bottom of oil zone. A well \T,}\atlc of Case 2 is shown in Figure 5.7.

100 ft of perforation full
to base of gas sand

30 ft of perforation fro ----2,700 ft

the bottomﬁqucﬁ ,g ! ﬁ750 fit
AR am‘m um NY1aY

Figure 5.7: Well schematic for Case 2: G — G&O

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.8 and

comparative results are summarized in Table 5.2.
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Table 5.2: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 2: G — G&O

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production
with bottom up bottom layer | when top layer
half depleted half depleted

Cumulative production
Oil (MSTB) 3,052 || [/ 4 3,095 3,070 2,200
Gas (MMSCF) oW el 30,069 15,753 44,641
Free gas (MMSCF) 12,850 | 27,139 12,840 42,912
Solution gas (MMSCF) 2,901 4 2,930 2,913 1,728

MBOE 5768 8,279 5,786

Water (STB) 03 0 0 0
Oil recovery factor (%) * 1442 13 W‘L 14.32" 14.21 10.18
Gas recovery factor (%) ** 2450 =9 46,77 24,51 69.44
Abandonment time (day) 24,045 . . 28,067 24,039 15,059

* Qil recovery factor = total il production / OOIF?
* Gas recovery factor = (total free gas production';%_,_tot,al solution gas production) / OGIP

),
3

cu? dd

5.2.1 Oil production T

For oil production cemparison, cum'dlé{ive production and recovery factor
obtained from strategies 1, 2 and 3 are very similar as stiimmarized in Table 5.2. This
is because the wells staxt producing oil from the same QOIP at the very beginning and
keep producing oil until the reservoir depletes at abandonment rate as shown in Figure
5.8. Moreover,.Figure 5,12B indicates that strategies.l, 2.and 3 withdraw the same
amount of oil from'the'bottom layer.

Strategy 2 delivers the highest cumulative oil productien’ and oil recovery
factor. Fhe reasonis that na crossflow takes place between the layers since each layer
is produced one at a time.

Strategies 1 and 3 do not deliver the best result for oil production since cross-
flows occurs as shown in Figure 5.9 but cannot be seen clearly. However, Figure
5.12A is evidence for crossflow as it shows a negative value of total oil production at
the top layer. The negative value means that oil from the bottom layer flows in the top
layer. However, the amount of oil that flows into the gas layer is not as much as

strategy 4.
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Strategy 4 delivers the lowest oil cumulative production and oil recovery
factor. After both layers are produced simultaneously, there is a large difference in
reservoir pressure between the two layers and a lot of oil from the bottom layer flows
into the top layer reservoir. This is the reason why a large quantity of oil remains in
the top layer and cannot be produced to the surface. The negative oil rate of the top
layer can assure that crossflow takes place in the reservoir as clearly revealed in
Figure 5.9 and confirmed by negative total production in Figure 5.12A. On top of that,
to get the desired oil rate of 500 STB/D, a large quantity of oil from the bottom layer
must be produced in order to compensate the ail"many lost to the top layer from the
crossflow.

In summary, strategy 2 is gives the highest ultimate production of oil as shown
in Table 5.2 with the yellew highlight.

5.2.2 Gas production

For gas recovery, Strategies 2 and-4 deliver excellent outcomes at the top layer
as shown in Figure 5.13A hecause gas from the top layer reservoir is produced
separately. The pressure drawdown is large.and sharp as depicted in Figure 5.11A.
The significant difference of gas recovery between these two strategies comes from
the bottom layer as shown i Figure 5.13B. Strategy 4 can deliver gas better than
strategy 2 since gas.at the bottom layer flows with very Righ rate as shown in Figure
5.10 due to the crossflow compensation as described before in the oil case.

Strategies 1 and 3 deliver poor results for gas recovery. This is because gas is
produced in company with-oil.from the.bottom layer..Since the reservoir pressure is
better maintained ‘due-to productien of oil as'shewn'in Figure 5.11C, gas in the
reservoir expands not as much. For this reason,«a.lower amountiof gas is produced
when compared ta,other strategies. Moreaver, there is a small crossflow of gas into
the top layer but cannot be clearly seen in Figure 5.9.

In summary, strategy 4 is the best approach to maximize the ultimate

production of gas as shown in Table 5.2 with the green highlight.

5.1.3 Summary
Strategy 2 which is separate layer production delivers the highest production
for oil while strategy 4 which is commingled production when top layer half depleted

delivers the best recovery for gas. However, strategy 4 delivers the highest results in
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term of barrel of oil equivalent or BOE. Therefore, strategy 4 is the most excellent

strategy for this kind of multilayer reservoirs as shown in Table 5.2 with the brown
highlight.
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5.3Case 3: O - G&O

In this case, the reservoir consists of 100 ft of oil zone at the top layer and 50
ft of gas and oil zone each at the bottom layer. These two layers are separated by 100
ft of impermeable layer. The top layer is an undersaturated oil reservoir with
depletion-drive. The reservoir is perforated 100 ft full to base of oil sand. The bottom
layer is a saturated oil reservoir with a gas cap above. The reservoir is gas-cap-drive

and is perforated 30 ft from the bott T f oil zone. A well schematic of Case 3 is
shown in Figure 5.14. (‘ f

N2

100 ft of perforation full
to base of gas sand

30 ft of perforation fron}
=9

T
ARIAINTUNNTSY

Figure 5.14: Well schematic for Case 3: O — G&O

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.15 and

comparative results are summarized in Table 5.3.
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Table 5.3: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 3: O — G&O

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production
with bottom up bottom layer | when top layer
half depleted half depleted

Cumulative production
Oil (MSTB) 15,7\3’6 14,801 15,734 15,462
Gas (MMSCF) | _ 24209 20,579 24,209 23,183
Free gas (MMSCF) 10,801 8,077 10,808 10,179
Solution gas (MMSCF) 13,408 H 12,502 | 13,401 13,004
MBOE 0,909 18,349 & : 19,459
Water (STB) 03 0 0 0
Oil recovery factor (%) *«| & 42840 2201 iy 2340 23.00
Gas recovery factor (%) ** s =9\ 22838 29.21 27.97
Abandonment time (day)’ | & #22.765 | _ 29,616 22,788 24,646

* Qil recovery factor = total oil produgtion / OOIﬁ_
* Gas recovery factor = (total free gas production'i‘togal solution gas production) / OGIP

¥/

5.3.1 Oil production 2l

The oil performances obtained frorﬁ;"ét*'rétegies 1 and 3 seem to be identical as
shown in Figure 5.1E_ai_'[he_c:umula1me_oij_pmﬂucﬂﬂnj:ri]d“ recovery factor obtained
from different prodh‘ction strategies are not much differént as shown in Table 5.3,
Figure 5.18A shows that total oil production from the top layer is not much different
among 4 strategies, However,, more .focus, will ,be, given..to the bottom layer
performance which-is obviously different as'graphieally’'shown'in Figure 5.18B due to
difference in a pressure drop as shown in Figure 5:17B.

Strategies 1,and 3 deliver, the highest cumulative oil praduction and recovery
factor. The reason is that they produce saturated oil reservoir at the bottom layer and
undersaturated oil reservoir at the top layer simultaneously. In order to acquire the
plateau producing rate of 1,500 STB/D, the oil rate is contributed from both layers. As
a result, the oil producing rate from the bottom layer is not too high. Generally, lower
producing rate will permit a certain amount of free gas in the oil zone to migrate to
the gas cap, and hence prevent the evolved gas to flow into the well. As a result of

preventing the flow of gas in the oil zone, the ultimate oil recovery will increase.
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Although strategy 4 produces gas-cap-drive reservoir at the bottom layer and
depletion-drive reservoir at the top layer simultaneously. But its outcomes are not as
good as strategies 1 and 3. The reason is that crossflow takes place between the two
layers as depicted in Figure 5.16. However, the amount of oil that flows into the top
layer is not much since it occurs for only five days of reservoir’s life.

Strategy 2 delivers the lowest cumulative oil production and recovery factor as
shown in Table 5.3. This is because saturated oil reservoir at the bottom layer and
undersaturated oil reservoir at the top layer is produced one at a time. As the oil
production rate is contributed from only oneayer, thus the oil rate at the bottom layer
must be high. We have already discussed before that the saturated oil reservoir with
gas-cap-drive mechanism_ is‘rate sensitive, as higher production rate usually results in
decreased oil recovery. lastheory, the producing gas-oil ratio from the affected wells
will increase to high valugs assshown in Eigure 5.20.

To sum up, strategies/1 and 3 are excellent ways to maximize the ultimate

production of oil as shown in Table 5:3 with the yellow highlight.

5.3.2 Gas production

For gas production comparison, strategi’es 1, 3 and 4 deliver almost the same
cumulative production and recovery factor of gas as shown in Table 5.3. In addition,
the gas performances-cbtained from strategies 1 and 3 Seem to be identical as shown
in Figure 5.15, with the same number of cumulative -gas production and recovery
factor as shown in Table 5.3. Table 5.3 reveals that the results obtained from strategy
4 are slightly poorer since there is a small crossflow of.gas-into.the top layer as shown
in Figure 5.16.

Strategy 2 delivers the lowest cumulativesgas productiont@and recovery factor
as shown inTable-5.3: This is because.it can produce aSmaller,amount of gas from
the gas-cap-drive reservoir at the bottom layer as graphically depicted in Figure
5.19B. Since the gas-cap-drive reservoir which is located at the lower formation is
developed first, before moving on to the upper reservoir. However, it is not possible
to fully deplete the lower formation in practice. What happens is that when the oil
flow rate drops, the well is deemed sub-commercial and the production moves on to
the overlying formation. And hence, there is a certain amount of gas that can be

recovered but still remains in the reservoir.
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In summary, strategies 1 and 3 are excellent approaches to maximize the

ultimate production of gas as shown in Table 5.3 with the green highlight.

5.3.3 Summary

In term of barrel of oil equivalent or BOE, strategies 1 and 3 are favored
strategies as shown in Table 5.3 with the brown highlight. Looking to the economics
life of the reservoir, strategy 1 is more worthwhile compared with strategy 3 because
its abandonment time is shorter as shown in Table 5.3 with the pink highlight. Thus,
strategy 1 which is a commingled produciion.is the most excellent strategy for this

kind of multilayer reservoirs. )
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5.4 Case 4: O - O&W

In this case, the reservoir consists of 100 ft of oil zone at the top layer and 50
ft of oil and water zone each at the bottom layer. These two layers are separated by
100 ft of impermeable layer. The top layer is an undersaturated oil reservoir with
depletion-drive. The reservoir is perforated 100 ft full to base of oil sand. The bottom
layer is an undersaturated oil reservoir with an aquifer underneath. The reservoir is

water-drive and is perforated 30 ft fi‘w’t,/etop of oil zone. A well schematic of Case

4 is shown in Figure 5.21. N
22,

100 ft of perforation full
to base of oil,\sand

5

30 ft of perforation f@n
the top of oil zone

GUER) F e
ARININ T .

Figure 5.21: Well schematic for Case 4. O — O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.22 and

comparative results are summarized in Table 5.4.
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Table 5.4: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 4: O — O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 20,016 19,598 20,031 18,519

Gas (MMSCF) 37,143 32,255 37,228 33,659

Free gas (MMSCF) 21,707 17,701 21,906 20,009
Solution gas (MMSCF) 15436 14,554 15,322 13,650
MBOE 267420 25,159 j:‘ 26,449 24,322

Water (STB) 34408 |\ 3,947 3,540 1,865

Oil recovery factor (%) * 29761 29.14 N 29.79 27.54
Gas recovery factor (%) ** 6380 29 o2 N 53.92 48.75
Abandonment time (day) 2237071 4 81,928 22,826 18,932

* Qil recovery factor = total il production / OOIF:?
* Gas recovery factor = (total free gas production }_,_togal solution gas production) / OGIP

5.4.1 Oil production £

Table 5.4 reveals that strategies 1 an-d3 deliver good results for cumulative
production and recovery factor of oil. Figure 525A -reveals that oil cumulative
productions from the top layer reservoir obtained from-all strategies are equivalent,
while Figure 5.25B shows significant differences of oif production from the bottom
layer which is a.water-drive-0il, reservoit.

Strategies 17and 3 ‘deliver-the best outcomes for ‘oil’ recovery because the
reservoir produces fluids until depletion by thesabandonment rate of 50 STB/D as
shown in Figure 522.

Table 5.4 shows that strategy 3 is slightly better than strategy 1 because at the
beginning of production, strategy 3 produces oil from a water-drive reservoir at the
bottom layer separately. During this period, the reservoir can take more advantage
from water-drive mechanism which is the best one to maximize the oil recovery. For
strategy 1, water-drive reservoir is produced together with depletion-drive reservoir

from the beginning to the end, resulting in slight decrease in oil recovery.
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Strategies 2 and 4 deliver lower oil recoveries because the well dies before the
reservoir depletes by the abandonment rate. The reason is that water flows into the
wellbore rapidly, as shown in Figure 5.27 that the trend of water cut is very steep.

For strategy 2, the oil producing rate is contributed from one layer at a time. In
order to achieve a desired oil production rate, fluids at the bottom layer will be
individually produced with a higher rate, and hence the water rate at the bottom layer
is high.

For strategy 4, most of the oil production rate at late time is contributed by the
bottom layer since it has higher pressure and.amount of hydrocarbon in place since
the top layer is partially depleted. To produce at high oil production rate, a high
drawdown is needed. This.eatses ihe water rate to be high as well. Moreover, another
reason for low oil recovery is«@ small crossflow of oil into the top layer as shown in
Figure 5.23.

To sum up, strategy 1s the best way to maximize the ultimate production of

oil as shown in Table 5.4 with the yellow highlight.

5.4.2 Gas production

Figure 5.22 illustrates gas performénéé‘s obtained from different production
strategies. Figure 5.26A reveals that gas cumulative productions from the top layer
reservoir obtained from all strategies are almost the same, but there are differences in
productions from the water-drive oil reservoir at the bottom layer as shown in Figure
5.26B. Since all of the producing gas comes from the*0il which is the solution gas
liberated from.the,saturated oil.and, free gas.from the secondary gas cap, thus the
reasons supporting™the’ performance’ of “gas ‘preduction are related to the oil
production.

Table 5.4 reveals that strategies'1 and 3 deliver;good results for cumulative
production and recovery factor of gas. The reason is practically the same as the oil
case as mentioned before that the reservoir produces fluids until the economic limit.

Strategies 2 and 4 deliver poorer outcomes due to the same explanation as
described in the oil case, which is early well abandonment. Even though strategy 4
causes the crossflow between the two layers as shown in Figure 5.23, it can produce
gas better than strategy 2 as confirmed by the higher producing gas-oil ratio in Figure

5.28. This is because a large pressure drawdown at the top layer (shown in Figure
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5.24A) results in a large expansion of gas in the secondary gas caps that supplies
energy for the reservoir. Therefore, an enormous amount of free gas is produced from
the top layer.

In summary, strategy 3 is the best way to maximize the ultimate production of

gas as shown in Table 5.4 with the green highlight.

5.4.3 Summary

Strategy 3 is the best way for oil and gas production, and also in term of BOE
as shown in Table 5.4 with the brown  highlight. Thus, strategy 3 which is a
commingled production when bottom dayer 1s-half depleted is the most excellent

strategy for this kind of multilayer reservoirs.
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Figure 5.25: Total oil production of Case 4: O — O&W at (A) the top layer, (B) the
bottom layer and (C) both layers
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55 Case 5: G - G&W

In this case, the reservoir consists of 100 ft of gas zone at the top layer and 50
ft of gas and water zone each at the bottom layer. These two layers are separated by
100 ft of impermeable layr. The top layer is a gas reservoir with depletion-drive. The
reservoir is perforated 100 ft full to base of gas sand. The bottom layer is a gas

reservoir with an aquifer underneath. The reservoir is water-drive and is perforated 30

ft from the top of gas zone. A well SQ‘T,}‘ of Case 5 is shown in Figure 5.29.
,

S &2

=g

100 ft of perforation full
to base of gas sand

30 ft of perforation. fic ¥ BN ot
the top of gas zﬂwe ©

Figure 5.29: Well schematic for Case 5: G — G&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.30 and

comparative results are summarized in Table 5.5.
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Table 5.5: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 5: G — G&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production

with bottom up

bottom layer
half depleted

when top layer
half depleted

Cumulative production

Gas (MMSCF) 29,400 28,144 27,411 27,229
Water (MSTB) woh28g) 524 358 463
Gas recovery factor ** —117 71.00 69.15 68.69
Abandonment time (day) 7,121 181 5,690 5,964

* Gas recovery factor = (total freesgasproduction + total solution gas production) / OGIP

5.5.1 Gas production

Figure 5.30 revealsithat all produéﬁon strategies give totally different gas and
water production profiles. Figure 5.33A si‘!lows that strategies 1 and 3 can recover gas
from the depletion-drive seservoir at the top Jiayer equally, but Figure 5.33B shows
difference of total gas productign from the_'-,\'/\-/a;gr-drive reservoir at the bottom layer.
Strategy 1 recovers more gas from the wﬁtgﬁfdrive reservoir than other strategies
because the reservoik is produced In a co'm'r-ningled fashion with depletion-drive
reservoir at the top layer. Generally, the depletion-drive mechanism is the best for gas
reservoir. Therefore, gas production from the depletion-drive reservoir induces a
larger pressure drop at the bottom layer as shown in Figure 5.32B. In general, as the
reservoir pressure drops larger, the higher iamount of gas will be produced, due to
greater expansion of gas remaining in the reservoir.

Strategies 3.and 4 deliver-lower camulative production afd recovery factor of
gas as shown in Table 5.5. This is due to the fact that the well dies before the reservoir
depletes by the abandonment rate. The reason is that water flows into the wellbore
rapidly, as shown in Figure 5.34 with a high water rate. The reason that the water cut
earlier high and consequence earlier reach economic limit is the high water flow rate.

Another reason for low gas recovery is that the crossflow takes place between
the layers. The configuration of strategy 3 generates the crossflow of gas into the

bottom layer as illustrated in Figure 5.31B while the configuration of strategy 4
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generates the crossflow of gas into the top layer as illustrated in Figure 5.31A.

Therefore, there is a certain amount of gas remaining in the reservoir.

In summary, strategy 1 is the most excellent strategy for this kind of

multilayer reservoirs as shown in Table 5.5 with the green highlight.
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5.6 Case 6: G - O&W

In this case, the reservoir consists of 100 ft of gas zone at the top layer and 50
ft of oil and water zone each at the bottom layer. These two layers are separated by
100 ft of impermeable layer. The top layer is a gas reservoir with depletion-drive. The
reservoir is perforated 100 ft full to base of gas sand. The bottom layer is an
undersaturated oil reservoir with an aquifer underneath. The reservoir is water-drive

and is perforated 30 ft from the top of ail zone. A well schematic of Case 6 is shown
in Figure 5.35. ‘c' /

{
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svd dddd il § S
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e

Figure 5.35: Well schematic for Case 6: G — O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.36 and

comparative results are summarized in Table 5.5.
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Table 5.6: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 6: G — O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 5247 |11/ 5 5,301 5,266 4,933

Gas (MMSCF) 27,129 |/ /A 28398 27,167 25,435

Free gas (MMSCF) 22,696 | 24,422 22,700 21,238
Solution gas (MMSCF) 4433 | 4,476 4,466 4,197
MBOE 971924 9,950 9,319

Water (STB) 54662 || 5,697 5,535 5,063

Oil recovery factor (%) * 272 2452 24.36 22.82
Gas recovery factor (%) ** 53.79 gﬁ\¥}\36‘; 53.86 50.43
Abandonment time (day) 21,514 “ . 32,507 27,728 25,567

* Qil recovery factor = total oil productioh / OOIF%
* Gas recovery factor = (total free gas productionz_;ﬁ_togal solution gas production) / OGIP

i
o 1

cu? dd

5.6.1 Oil production =

Figure 5.36 illustrates-the Ot produé;ﬁo'r# performances obtained from different
production strategies- Figure 5398 indicates that straté,gies 1, 2 and 3 deliver the
same amount of total-oil production, and strategy 4 delivers the minimum amount.
Moreover, the figure also indicates that the oil is withdrawn from the bottom layer
only which is a.water-drive-Qil.reservoir,

As shown In'Table'5.6, strategies 1, 2 and-'3 deliver'similar cumulative oil
production. However, strategy 2 yields slightly=higher oil praduction than other
strategiés since it is strategy that,permits the well.to produce the fluid until reservoir
depletes by economics limit. In other strategies, the well dies because of liquid load
up. Moreover, no crossflow takes place between the layers since each layer is
produced one at a time.

Strategy 4 delivers the lowest oil cumulative production and oil recovery
factor. The well starts producing gas from the top layer reservoir which makes a very
large and rapid pressure drawdown at the top layer as shown in Figure 5.38A. After

that, both layers are produced simultaneously. Since there is a large difference in
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reservoir pressure between the two layers, a lot of oil from the bottom layer flows into
the top layer. This is the reason why a large quantity of oil remains in the top layer
and cannot be produced to the surface. The negative oil rate can assure that crossflow
takes place in the reservoir as clearly revealed in Figure 5.37. Moreover, the well dies
before the reservoir depletes by the abandonment rate due to water loading.

Strategies 1 and 3 do not deliver the best result for oil production since cross-
flows occurs as shown in Figure 5.37 but cannot be clearly seen. The cause is that the
pressure at the top layer which is occupied by gas depletes a lot faster than the bottom
layer. Hence, oil from the bottom layer flews~into the gas sand. However, Figure
5.39A indicates that the amount.of oil that flows Into the gas layer is not as much as
strategy 4.

In summary, straiegy.2 provides the highest ultimate production of oil as

shown in Table 5.1 with the yellow highlight.

5.6.2 Gas production

Figure 5.36 illusirates . the. gas performances obtained from different
production strategies. Figure 5.40B.indicates. that the performance of gas production
at the bottom layer reservoir obtained from each strategy is consistent with the oil
case since all producing gas-is-solution gas liberated from the oil. Therefore, more
focus will be given to_the top layer which is depletion-drive gas reservoir. Figure
5.40A indicates that-strategy 2 gives very outstanding performance for gas
production. The clarification is that the top layer maximizes the benefit of depletion-
drive mechanism since.it,isproduced, without any oil,or.gas.from the bottom layer.

Even though- strategy 4 ‘preduces ‘gas from the ‘top ‘layer separately at the
beginning of production, but it delivers the lowest.gas production.from the top layer
reservoir since crossflow takes place between the twa layers as shown in Figure 5.37.
Moreover, the well dies before the reservoir depletes by the abandonment rate due to
water loading.

Strategies 1 and 2 do not deliver the best result for gas production since cross-
flows occurs as shown in Figure 5.37 but cannot be clearly seen. The cause is the
same as the oil case as described before.

To sum up, strategy 2 is the best approach to maximize the ultimate

production of gas as shown in Table 5.6 with the green highlight.
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Strategy 2 which is separate layer production delivers the best outcomes for

both oil and gas production. In term of barrel of oil equivalent or BOE, it is still the

most excellent strategy for this kind of multilayer reservoirs as shown in Table 5.6

with the brown highlight.
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Figure 5.37: Production profiles of Case 6: G — O&W, at the top layer
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5.7 Case 7: O - G&W

In this case, the reservoir consists of 100 ft of oil zone at the top layer and 50
ft of gas and water zone each at the bottom layer. These two layers are separated by
100 ft of impermeable layer. The top layer is an undersaturated oil reservoir with
depletion-drive. The reservoir is perforated 100 ft full to base of oil sand. The bottom
layer is a gas reservoir with an aquifer underneath. The reservoir is water-drive and is

%

perforated 30 ft from the top of ga\‘v. A well schematic of Case 7 is shown in
<

Figure 5.41. é\;\'; ///
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to base of oil ,_§and

-

30 ft of perforation fr:pjn | Jp—
the top of gas zone S S - - 2,650 ft

GUER) E [
QRIAIN IR I,

Figure 5.41: Well schematic for Case 7: O — G&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.42 and

comparative results are summarized in Table 5.7.
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Table 5.7: Comparison of cumulative production, recovery factor and abandonment

time for different production strategies of Case 7: O — G&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

0il (MSTB) 15,040 12,677 13,910 15,084

Gas (MMSCF) 40,479 39,921 38,277 41,482

Free gas (MMSCF) 29,362 | 30,805 28,146 30,349

Solution gas (MMSCF) 12117 |7 9115 10,131 11,133
MBOE 521019 19,560 20,510

Water (STB) el () 691 431 497

Oil recovery factor (%) * /ﬂ 67 27.78 30.49 33.06

Gas recovery factor (%) ** 69.49- =% | 6853 65.71 71.21

Abandonment time (day) 19,_237 L . 21457 18,748 19,935

* Qil recovery factor = total il production / OOIF?
* Gas recovery factor = (total free gas production';%_,_tot,al solution gas production) / OGIP

5.7.1 Oil production | : T

Figure 5.42 itiustrates the oil perfor'rh‘a-rﬁ‘:_e‘s obtained from different production
strategies. Figure 5.46A indicates that all strategies deli'vef the same amount of total
oil production. Figure 5.46B indicates that the oil is withdrawn from the top layer
only which is a depletibn-drive oil reservoir. Moreover,r the figure also reveals that a
curtain amountzof oil Tlows back ‘in the opposite ‘direction into the bottom layer for
strategies 2 and‘3. This crossflow is also identified in Figure 5.44. All of this explains
why strategies2 and_ 3 doynot abtaim thes maximum oilarecovery as summarized in
Table 5.7.

Strategies 1 and 4 deliver excellent outcomes for oil recovery since no
crossflow of oil takes place between the two layers. This is because the pressure
difference between the layers of these strategies is not as much since the gas reservoir
is not produced separately. Strategy 4 delivers slightly better results than strategy 1
because there is some water from the bottom layer flowing into the top layer as shown
in Figure 5.43. This water may provide extra energy to deliver the oil out of the

reservoir.
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To sum up, strategy 4 gives the highest ultimate production of oil as shown in
Table 5.7 with the yellow highlight. However, the oil recovery in strategy 1 is only
slightly lower than that in strategy 4.

5.7.2 Gas production

Figure 5.42 illustrates gas performances for different production strategies.
Figure 5.44A indicates that the performances of gas production at the top layer
reservoir are consistent with the oil case since all gas produced from the top layer is
solution gas liberated from the oil. Thereforg; more focus will be given to the bottom
layer which is water-drive gas reservoiryFigure 5.47B indicates that strategies 2 and 3
give poorer performanee~than-athers. This is because the crossflow takes place
between the two layers#Gas flows into the pottom layeras shown in Figure 5.44 since
there is a large differential presstre between the layers when the top layer commences
producing. y

Regarding the crassflow/of oil as-explained before, there is some oil from the
top layer flowing into the bottem.layer for é_t.ra_tegies 2 and 3. This amount of oil helps
sustain the reservoir pressure at the-bottom layer as shown in Figure 5.45B with the
increasing trend of pressure after crossﬂowldéié‘Urs. As a result, the remaining gas in
the bottom layer reservoir expands not much",:‘arid hence the gas recovery decreases.

Strategy 4 “delivers better results than strategy<1 because the pressure
drawdown at the bottom layer is higher. This Is due to the Tact that the gas reservoir is
produced separately for'a certain duration.

To sumy up,, strategy .4, is ,the, best, approach .to .maximize the ultimate

production of gas as'shewn in Table-5.7 with the'green highlight.

5y 7:3°'Summary.

Strategy 4 which is commingled production when the top layer is half depleted
delivers the best outcomes for both oil and gas production. In term of barrel of oil
equivalent or BOE, it is still the most excellent strategy for this kind of multilayer
reservoirs as shown in Table 5.7 with the brown highlight.
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5.8 Case 8: G - G&O&W

In this case, the reservoir consists of 100 ft of gas zone at the top layer and 30
ft, 40 ft and 30 ft of gas, oil and water zone, respectively at the bottom layer. These
two layers are separated by 100 ft of impermeable layer. The top layer is a gas
reservoir with depletion-drive. The reservoir is perforated 100 ft full to base of gas

sand. The bottom layer is a saturated oil reservoir with a gas cap above and an aquifer

water-drive. The reserv0|r is

underneath. Drive mechanism of the v ir is a combination of gas-cap-drive and
?yn the middle of oil zone. A well
schematic of Case 8 is sho re 5 4

= |
100 ft of perforation full :i “““ "
to base of ga\s(%and | B
' Il 2,550 ft
o I = :
¢ I ™ 2,650 ft
20 ft of pwrﬁm S 142,680 ft
the middlelof o ALER || L2720t

RN
Figure 5.48: Well schematic for Case 8: G — G&O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.49 and

comparative results are summarized in Table 5.8.
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Table 5.8: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 8: G — G&O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production

with bottom up

bottom layer
half depleted

when top layer
half depleted

Cumulative production

Qil (MSTB) 1,626 1,596 1,649 1,553

Gas (MMSCF) | 36,158 35,107 36,149 36,140

Free gas (MMSCF) 34,729 33,699 34,700 34,791
Solution gas (MMSCF) 1423 [0 1,408 1,449 1,348
MBOE 950 7,640 7,783

Water (STB) 1431 | 1,315 1,426 1,434

Oil recovery factor (%) * r /l 153 9.24 N 9.54 8.98
Gas recovery factor (%) ** g8 =% 65.23 67.17 67.15
Abandonment time (day) 19,8131 . 23,649 20,119 20,909

* Qil recovery factor = total oil productioh / OOIF:‘i_

* Gas recovery factor = (total free gas production;_;{.togal solution gas production) / OGIP

5.8.1 Oil production

Figure 5.49 shows that ali strategi—'e_

% 4,
TN

: |‘I. d

give totally different oil production

profiles. Figure 5.52A and 5.52B reveal that all of produced oil comes from the
bottom layer whichfi_: a combination-drive reservoir.- Table 5.8 indicates that
cumulative oil production and recovery factor obtained from each strategy can be
ranked from the top performance as strategies 3, 1, 2, and 4. However, there is not
much differentin cumulative oil production.and recovery factor.

Strategy '3 yields the highest.oil recovery since the smallest of crossflow takes
place into"the top~layer reservoir as shawn in Figure 5.52A~Strategy 1 yields a
slightly lower oil recovery than strategy 3 because there is higher crossflow as shown
in Figure 5.52A. The highest crossflow into the top layer reservoir obtained from
strategy 4 as shown in Figure 5.52A, giving rise to the minimum oil recovery.

Although Figure 5.52A indicates that no crossflow takes place for strategy 2,
but this strategy does not deliver the best performance because the reservoir is
produced one layer at a time. Hence, less energy support due to separate production

may be the possible reason.
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In summary, strategies 1 and 3 are the best ways to maximize the ultimate

production of oil as shown in Table 5.8 with the yellow highlight.

5.8.2 Gas production

For gas comparison, Figure 5.49 shows that all strategies give totally different
gas production profiles. Figure 5.53A reveals that all strategies deliver similar gas
production at the top layer while Figure 5.53B shows differences among 4 strategies
at the bottom layer. Table 5.8 indicates that cumulative gas production and recovery
factor obtained from strategies 1, 3 and 4.are_very similar and these strategies yield
better results than strategy 2.

Strategy 2 delivers'minimum gas recovery beecause the reservoir is produced
one layer at a time, resultingin relative[y smaller pressure drop than other strategies
which have commingled production with the gas reservoir at the top layer at least for
a certain duration as dgpicted in /Figure 5.n51B. In general, as the reservoir pressure
drops more, a higher amount of ‘gas is produced, due to greater expansion of gas
remaining in the reservoir. :

Strategy 1 can produce the highest amount of gas since its pressure drop is the
largest as shown in Figure 5.51B. This is b;édéﬂse the bottom layer is produced in a
commingled fashion with the gas reservoir-"allﬁthe production life. According to the
explanation of strategy.2, as the reservoir pressure drops-larger, the higher amount of
gas is produced, due t6-a greater expansion of gas remaising in the reservoir.

In summary, strategies 1, 3 and 4 are the bestapproaches to maximize the
ultimate production of gas as shown in.Table’5,8 with the green highlight.

5.8.3 Summary

Strategies <1y and=3«<which is| commingled productien, and commingled
production when the bottom™ layer 1S half depleted, reSpectively deliver the best
outcomes in term of barrel of oil equivalent or BOE. Thus, strategies 1 and 3 are the
most excellent strategy for this kind of multilayer reservoirs as shown in Table 5.8
with the brown highlight.
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Reservoir pressure of Case 8: G — G&O&W at (A) the top layer, (B) the
bottom layer and (C) both layers
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5.9 Case 9: O - G&O&W

In this case, the reservoir consists of 100 ft of oil zone at the top layer and 30
ft, 40 ft and 30 ft of gas, oil and water zone, respectively at the bottom layer. These
two layers are separated by 100 ft of impermeable layer. The top layer is an
undersaturated oil reservoir with depletion-drive. It is perforated 100 ft full to base of
oil sand. The bottom layer is a saturated oil reservoir with a gas cap above and an

20 ft at the middle of oil zone. A

aquifer underneath. Drive mechanis the reservoir is a combination of gas-cap-
drive and water-drive. The reserv ”\ /

well schematic of Case 9 | F Sur

100 ft of perforation full
to base of oil ,§hnd

80 ft

{ . R e
20 ft of pe iond : : S “
the middleﬁm?%g VATER™ L2201t
q | ’

Figure 5.54: Well schematic for Case 9: O — G&O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.55 and

comparative results are summarized in Table 5.9.
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Table 5.9: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 9: O — G&O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 16,963 16,176 16,949 16,444

Gas (MMSCF) | = 3. 35,768 43,466 41,485

Free gas (MMSCF) 30,707 |, 23,854 30,726 29,428
Solution gas (MMSCF) 12,758 | 11,914 12,740 12,057
MBOE AR 22,343 itl} 24,443 23,597

Water (STB) 820 |\ 602 905 760

Oil recovery factor (%) * r ﬂ 61 25.71 W 26.94 26.14
Gas recovery factor (%) ** ¢ & 6001 4939 | 60.01 57.28
Abandonment time (day) 19,297, 1 . 23,466 19,297 20,758

* Qil recovery factor = total oil productidn / OOIﬁ_
* Gas recovery factor = (total free gas production'i‘togal solution gas production) / OGIP

¥/

5.9.1 Oil production 2l

Figure 5.55 shows that-strategies :]'."i;airi:cl -3 give very similar oil production
profiles. Figure 5.58%};§hmALs_thaUQIaLoijmducj:iQngt{iained from each strategy is
not different at the:t'op layer reservoir. However, the differences of oil production
come from the bottont{ayer as shown in Figure 5.58B. Hence, more focus is given to
the bottom layer,which.hasthree-phase, gas;.01l and,water,

Table 5.7 indicates that strategies'l and 3 deliver the highest oil recovery. This
is because the bottom layer is commingled with the top layer. Generally, the pressure
drop of, depletion-drive  reservoir. is.more rapid than other. kinds of reservoir.
Therefore, producing oil from the top layer helps increase the pressure drawdown as
shown in Figure 5.57B. As a result of higher pressure drop at the bottom layer,
remaining gas in the reservoir expands more, and then drives a larger amount of oil
out of the reservoir.

Strategy 4 creates a smaller pressure drawdown than strategies 1 and 3 as
shown in Figure 5.57B because commingled production starts when some pressure of

the depletion-drive reservoir partially drops. Thus, the influence of depletion-drive
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reservoir is less, and hence this strategy cannot recover the highest amount of oil.
Moreover, there is crossflow between the two layers as shown in Figure 5.56. Hence,
there is a large quantity of oil remaining in the reservoir.

Strategy 2 delivers the minimum oil recovery from the bottom layer since each
layer is produced one at a time. This is the reason why the reservoir pressure at the
bottom layer gradually drops as shown in Figure 5.57B and hence less amount of oil
is produced comparing to the other strategies.

In summary, strategies 1 and 3 are the best ways to maximize the ultimate

production of oil as shown in Table 5.9 with-thesyellow highlight.

5.9.2 Gas produetion

For gas comparison, Figure 5.55 shows that strategies 1 and 3 give very
similar gas production.profiles Figure 5.59A and Figure 5.59B reveal that both layers
have difference in total gas production for éach strategy.

Table 5.9 indicate$ that strategies d and 3 recover the highest amount of gas.
The main reason is that they ¢an recover alot of gas from the bottom layer. This is
due to a larger pressure drawdowi.as explained in the oil case. As a result, gas can
expands more, and then a lot of-gas is produéed'.—-’

Figure 5.59A shows that strategy 4 produees the highest amount gas from the
top layer due to a larger pressure drawdown at the initial’ life of the reservoir. The
reason is that the depletion-drive reservoir is separately produced. However, this
strategy is not the best-approach for gas production since the amount of gas recovery
from the bottom layer.is less., This is.a, result ,of the .smaller.pressure drawdown as
shown in Figure 5.57B.-Moreover, there Is crossflow between the two layers as shown
in Figure 5.56. Hence, there is a large quantity of.gas remaining inithe reservoir.

Strategy 2 delivers minimum gas recovery because the teservoir is produced
one layer at a time, resulting in the smallest pressure drawdown as depicted in Figure
5.57B.

In summary, strategies 1 and 3 are the best ways to maximize the ultimate

production of gas as shown in Table 5.9 with the green highlight.

5.9.3 Summary
Strategies 1 and 3 which is commingled production and commingled

production when the bottom layer is half depleted, respectively deliver the best
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outcomes in term of barrel of oil equivalent or BOE. For economics life of the
reservoir, there is no significant difference of abandonment time and water
production. Thus, strategies 1 and 3 are the most excellent strategy for this kind of

multilayer reservoirs as shown in Table 5.9 with the brown highlight.
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Reservoir pressure of Case 9: O — G&O&W at (A) the top layer, (B) the
bottom layer and (C) both layers
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5.10 Case 10: G&O - G&W

In this case, the reservoir consists of 50 ft of gas and oil zone each at the top
layer and 50 ft of gas and water zone each at the bottom layer. These two layers are
separated by 100 ft of impermeable layer. The top layer is a saturated oil reservoir
with a gas cap above. The reservoir is a gas-cap-drive and is perforated 30 ft from the
bottom of oil zone. The bottom layer is a gas reservoir with an aquifer underneath.
The reservoir is water-drive and is w 30 ft from the top of gas zone. A well

schematic of Case 10 is showr\!{l"gs
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Figure 5.60: Well schematic for Case 10: G&O — G&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.61 and

comparative results are summarized in Table 5.10.
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Table 5.10: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 10: G&O — G&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Qil (MSTB) 2,720 2,644 2,652 2,738

Gas (MMSCF) | 82921 29,854 32,615 32,890

Free gas (MMSCF) 30,996 | 27,956 30,755 30,942

Solution gas (MMSCF) 102 | 1,898 1,859 1,047
MBOE <206 7,791 8,275

Water (STB) 300 | ) 691 316 518

Oil recovery factor (%) * r ﬂ 353 11.60 11.63 12.01

Gas recovery factor (%) ** 4 & B#22. 6100 66.64 67.21

Abandonment time (day) 18,4837 . 16,130 14,123 13,910

* Qil recovery factor = total oil productidn / OOIﬁ_
* Gas recovery factor = (total free gas production'i‘togal solution gas production) / OGIP

£y
F /N

5.10.1 Oil production /= i h

Figure 5.61 shows that ali strategf’gs;gi_ve totally different oil production

profiles. Table 5.1Q'rshows that oil production from ql"l__strategies are very much
similar. Figure 5,64 reveals that oil is produced from‘_‘i';He bottom layer only. This
figure shows that strategies 1, 3 and 4 can deliver the same amount of oil recovery.
Among these three stratégies, strategy 3 delivers the least favorable results as shown
in Table 5.10 because™ crossflow takes place between the two layers as shown in
Figure 5.62 and 5.64B.

Strategy 4 aelivers slightly better results than strategy 4 as-shown in Table
5.10. The possible reason is that strategy 4 produces gas-cap-drive oil reservoir before
commingled production with the water-drive gas reservoir starts. Thus, the water
production is delayed.

Strategy 2 delivers the minimum recovery of oil because each layer is
produced one at a time. This is a result of the smaller pressure drawdown at the top

layer as shown in Figure 5.63A. The reservoir pressure in the strategy that oil
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reservoir is produced alone drops slower than the one when producing with the gas
reservoir as in other strategies.
In summary, strategies 1 and 4 are the best ways to maximize the ultimate

production of oil as shown in Table 5.10 with the yellow highlight.

5.10.2 Gas production

For gas production comparison, Figure 5.61 shows totally different gas
production profiles for the four strategies. Figure 5.65A and 5.65B show that total gas
productions obtained from strategies 1, 2 and 4.are quite similar at both layers. Table
5.10 indicates that strategy 1 gives slightly more gas production than strategy 4, and
strategy 3 respectively.-Fhis Is.aresult of a pressure-drop at both layers as shown in
Figure 5.63A and 5.63B: ‘

Table 5.10 indieates that strategy 2 delivers the minimum gas recovery. Figure
5.65A and 5.65B indigate that strategy ;2n delivers minimum gas recovery at both
layers. This is a result of smaller pressure drawdown as described in the oil case.

In summary, strategies 1 and 4 gi\/e_.very high values for ultimate production

of gas as shown in Table 5.9 with the greenhighlight.

Ad

5.10.3 Summary T

Strategies 1“and 4 which is co.m}rrl_ivhgled production and commingled
production when the top layer is half depleted, respectively deliver the best outcomes
in term of barrel of oil equivalent or BOE. Thus, they are the most excellent strategy
for this kind of multilayer reservoirs as shown in Table 5.10 with the brown highlight.

Looking: to| the-economics-life’ of the well, strategy 1 is more worthwhile
compared with ‘strategy 4 because its abandonment time is shorter as shown in Table
5.10. Mareover, strategy 1 delivers smalleriamount of water-productian than strategy
4 as shown in Table 5.10, resulting the lower cost for water handling facilities. Thus,
strategy 1 which is a commingled production is the most excellent strategy for this

kind of multilayer reservoirs in the economics value.
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5.11 Case 11: G&O - O&W

In this case, the reservoir consists of 50 ft of gas and oil zone each at the top
layer and 50 ft of oil and water zone each at the bottom layer. These two layers are
separated by 100 ft of impermeable layer. The top layer is a saturated oil reservoir
with a gas cap above. The reservoir is a gas-cap-drive and is perforated 30 ft from the
bottom of oil zone. The bottom layer is an undersaturated oil reservoir with an aquifer
underneath. The reservoir is water-drive .and is perforated 30 ft from the top of oil
zone. A well schematic of Cg @\Twure 5.66.
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Figure 5.66: Well schematic for Case 11: G&O — O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.67 and

comparative results are summarized in Table 5.11.
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Table 5.11: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 11: G&O — O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production
with bottom up bottom layer | when top layer
half depleted half depleted

Cumulative production
Oil (MSTB) 7,812 7,822 8,268 7,106
Gas (MMSCF) 27,970 27,471 31,887 25,121
Free gas (MMSCF) 21,634 20,849 25,359 19,375
Solution gas (MMSCF) 6,336 6,623 6,528 5,746

MBOE 126634 12559 PR 11438 |

Water (STB) 44050 |\ 2,796 5,225 3,196
Oil recovery factor (%) * 175971 17.61 18.62 16.00
Gas recovery factor (%) ** 1§63 = 45.99 53.38 42.06
Abandonment time (day) 20,3937 1 . 47,206 27,393 16,467

* Qil recovery factor = total il production / OOIF:?
* Gas recovery factor = (total free gas production }_,_togal solution gas production) / OGIP

5.11.1 Qil production

Figure 5.67 shows that-afl strategi:és"-give different oil production profile.

Figure 5.70A reveals that total oil production at the top-layer obtained from each
strategy can be ordered from the top performance as strategies 3, 1, 4, and 2. The top
layer is a gas-cap-drive reservoir of which performance is rate sensitive, as higher
producing rate.usually results in.decreased.oil.recovery. In.theory, the producing gas-
oil ratio from a well'completed in such reservoir‘inereases to high values, as shown in
Figure 5.72 that strategy 2 has a very high GOR:This is the reason why strategy 2
deliversithe"minimumoil from ithe top. layer as shown in Figure 5.70A. Strategy 3
delivers the highest oil recovery since it is the only case that the well produces until
the economic limit.

Figure 5.70B reveals that total oil production at the bottom layer obtained
from each strategy can be ordered from the top performance as strategies 2, 3, 1, and
4. Since the top layer is a water-drive oil reservoir, in order to maximize the benefit
from water-drive reservoir, the water rate and gas rate should be minimized to

maintain the reservoir pressure. Therefore, strategy 2 is the best way for the bottom
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layer since the reservoir is produced one layer at a time without gas producing, and
hence the pressure can better maintained as shown in Figure 5.69B. Strategy 4
delivers the minimum oil from the bottom layer because crossflow takes place as
shown in Figure 5.68.

After combining the two layers together, Figure 5.70C reveals that total oil
production from each strategy can be ordered from the top performance as strategies
3, 2, 1, and 4. In summary, strategy 3.is the best way to maximize the ultimate

production of oil as shown in Table 5.11 with the yellow highlight.

5.11.2 Gas production

Figure 5.67 shows that-all strategies give different gas production profile.
Since most of the produced.gasis iree gas coming from the top layer, more focus is
given to the top layersFigure 5.71A reVegIs that the total gas production at the top
layer obtained from each strategy can;be ordered from the top performance as
strategies 3, 1, 2, and 4, which is an eﬁéfct”'of the pressure drop as shown in Figure
5.69A. The higher the pressure drop,.the Iaifger;the amount produced gas.

In summary, strategy,3 is the best way to maximize the ultimate production of
gas as shown in Table 5.11 with'the green h@ﬁl’i-ght.

5.11.3 Summary

Strategy 3 is.the best way for oil and gas productioh and also in term of BOE
as shown in Table 5.11 with the brown highlight. Thus, strategy 3 which is a
commingled production when the bottom layer is half depleted is the most excellent

strategy for thisskind of-multilayer reservoirs.
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5.12 Case 12: G&W -0O&W

In this case, the reservoir consists of 50 ft of gas and water zone each at the
top layer and 50 ft of oil and water zone each at the bottom layer. These two layers
are separated by 100 ft of impermeable layer. The top layer is a gas reservoir with an
aquifer underneath. The reservoir is a water-drive and is perforated 30 ft from the top
of gas zone. The bottom layer is an undersaturated oil reservoir with an aquifer
underneath. The reservoir is Water- and is perforated 30 ft from the top of oil
zone. A well schematic of Cas %1% ure 5.73.

<

30 ft of perforation from 1
d 2450 ft

the top of gas zone
-2,500 ft
-2,550 ft
30 ft of perforation fro
of perforation r:}n 2650t

the top of oil zone
700 ft
ﬂ§750 ft
L7
e 1ae

Figure 5.73: Well schematic for Case 12: G&W — O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.74 and

comparative results are summarized in Table 5.12.



600

500

400

(STB/D)

300

200

Oil production rate

100

40000
35000
30000
25000
20000
15000
10000

5000

Gas production rate
(MSCF/D)

1200

1000

800

600

400

Water production rate
(STB/D)

200

128

0 100 00 25000 30000 35000 40000

0 0~ “15000°+ 2 25000 30000 35000 40000

| [ L
0 qu 5000 10000 15000 20000 25000 30000 35000 40000

R 1) 210 ¢

= Strategy 3: Commingled production when bottom layer half depleted
Strategy 4: Commingled production when top layer half depleted

Figure 5.74: Production profiles of Case 12: G&W — O&W



129

Table 5.12: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 12: G&W — O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 5,020 11/ 5 5,336 5,331 2,483

Gas (MMSCF) s 18,230 9,503

Free gas (MMSCF) 11,457 | 14,441 13,688 7,170
Solution gas (MMSCF) 4,420 4,547 4,542 2,333
MBOE 7555 | A 8,474 4,122

Water (STB) 44078 |\ 5,990 5,862 1,141

Oil recovery factor (%) * 2369 7 | 2489 | . 2466 11.49
Gas recovery factor (%) ** 42.28 a_’lﬁ\\sb‘;;?‘iml 48.55 25.31
Abandonment time (day) 25,567 “ . 33,906 30,740 6,574

* Qil recovery factor = total il production / OOIF%
* Gas recovery factor = (total free gas productionz_;ﬁ_togal solution gas production) / OGIP

o

5.12.1 Oil production “= T“

Figure 5.74 shows that-all strategiéé'-'g'rve different oil production profiles.
Figure 5.77A and 5748 reveal that all of producing oil_ébmes from the bottom layer
which is a water-dfive oil reservoir. Table 5.12 indicates that cumulative oil
production and recovery factor obtained from each strategy can be ordered from the
top performancesas, strategies 2, 3, 1,,and. 4.

Strategy 2 yields'the highest-oil recovery since there is no crossflow between
the two layers. Strategy 3 yields a shightly lower.oil recovery than.strategy 2 because
there is'a small amount of crossflow into the top layer asS shown'in Figure 5.77A. A
large amount of crossflow into the top layer reservoir is seen in strategy 4 as shown in
Figure 5.77A, resulting in a decrease in oil recovery.

In summary, strategies 2 and 3 are the best ways to maximize the ultimate

production of oil as shown in Table 5.12 with the yellow highlight.

5.12.2 Gas production
For gas production comparison, Figure 5.74 shows that all strategies give

totally different gas production profile. Since all produced gas from the bottom layer
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is liberated from oil, thus the reason is the same as the oil case. Therefore, more focus
is given to the top layer which is a water-drive gas reservoir. Figure 5.78B reveals that
cumulative production at the top layer obtained from each strategy can be ordered
from the top performance as strategies 2, 3, 1, and 4. The rank in the top performance
is an effect of pressure drawdown as shown in the Figure 5.76A.

In summary, strategies 2 and 3 are the best ways to maximize the ultimate

production of gas as shown in Table 5.12 with the green highlight.

5.12.3 Summary
Strategy 2 which is separate layer production delivers the best outcome in term
of barrel of oil equivalentror BOE.-Thus, it is the most excellent strategy for this kind

of multilayer reservoirs@as shewn in Table 5.12 with the brown highlight.
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Figure 5.75: Production profiles of Case 12: G&W — O&W, at the top layer
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5.13 Case 13: G&O - G&O&W

In this case, the reservoir consists of 50 ft of gas and oil zone each at the top
layer and 30 ft, 40 ft and 30 ft of gas, oil and water zone, respectively at the bottom
layer. These two layers are separated by 100 ft of impermeable layer. The top layer is
a saturated oil reservoir with a gas cap above. The reservoir is a gas-cap-drive and is
perforated 30 ft from the bottom of oil zone. The bottom layer is a saturated oil
reservoir with a gas cap above and ifer underneath. Drive mechanism of the
reservoir is a combination of\_‘é\d,\_ !% nd water-drive. The reservoir is
perforated 20 ft in the mi@}réc‘)je. ’ﬁ&hematic of Case 13 is shown in

Figure 5.79.

d 2450 ft

30 ft of perforation from — - -2,5001t
the bottom of oilzo) ~<__2,550 ft
¢a ----2,650 ft

20 ft of pwrﬁﬂ - 2,680 ft
the middle 3[] ] o L_L_2,720 ft

ARIANNT

Figure 5.79: Well schematic for Case 13: G&O — G&O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.80 and

comparative results are summarized in Table 5.13.
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Table 5.13: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 13: G&0O — G&O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 4,424 3,894 4,414 4,269

Gas (MMSCF) | . 89,2 30,984 39,249 39,143

Free gas (MMSCF) 35,889 |, 27,984 35,910 35,984

Solution gas (MMSCF) 3.354 | 2,999 3,339 3,159
MBOE e e} 9,235

Water (STB) 1,278 |\ 919 1,275 1,260

Oil recovery factor (%) r ﬂﬁ4' < 9.72 N 11.01 10.65

Gas recovery factor (%) ** 18 Y 49.09 b 62.19 62.02

Abandonment time (day) 18,9937 1 . 24,837 18,993 19,448

* Qil recovery factor = total oil productidn / OOIﬁ_
* Gas recovery factor = (total free gas production'i‘togal solution gas production) / OGIP

DAl

5.13.1 Oil production “= T”

Figure 5.80 shows that-oil,productidhj:p'yﬁoﬁles obtained from strategies 1 and 3
are very similar and. totalJ;LdliteLem_tLQm_sl[ateglﬂiZjnd 4. Table 5.13 indicates that
ultimate oil producﬁdn-obtained from strategies 1 and 3 are very close while strategy
2 gives the lowest resuits. The cumulative productions are investigated closely at each
layer in Figure 5:84.

Figure 5.84B'shews‘cumulative oil productien from'the bottom layer which is
a combination-drive reservoir. It shows that strategies 1, 3 and.4 recover similar
amount'of oil because'they can produce oil from the bottom layer until the reservoir
reaches the economic limit. However, strategy 4 yields ultimate oil recovery less than
strategies 1 and 3 because the reservoir commences withdrawing the oil when some
pressure drop has occurred due to a production of the overlying reservoir at the very
beginning as shown in Figure 5.83. Moreover, crossflow takes place into the top layer
when the bottom layer starts producing according to strategy 4 as shown in Figure

5.81.
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Strategy 2 withdraws the minimum amount of oil from the bottom layer as
demonstrated in Figure 5.84B. The reason is that producing one layer at a time causes
a relatively rapid pressure decline as shown in Figure 5.83B due to a high production
rate as pointed out in Figure 5.81 at the very beginning of the production period. As
the pressure is reduced, gas evolves throughout the reservoir and flows toward the
wellbore, and eventually resulting in a large quantity of oil remaining in the reservoir.
Figure 5.82 illustrates the higher gas rate at the bottom layer of strategy 2 in
comparison with the other strategies.

Figure 5.84A shows cumulative oil-production from the top layer which is a
gas-cap-drive reservoir. It shows-that strategies 1, 3 and 4 recover similar ultimate oil
production while strategy.2-recovers the lowest amount of oil from the top layer. A
possible reason is the rapid decline of reservoir pressure as shown in Figure 5.83B.
This is a result of high.0il ;production rate from the layer since the reservoir is
produced from one layer ata time.

Conclusion, strategies 1 and-3 are excellent ways to maximize the ultimate

production of oil as shown in Table 5.13 W_it_h the yellow highlight.

Fr

5.13.2 Gas production

Figure 5.80 shows that gas production prefiles obtained from strategies 1 and
3 are very similar and totally different from the other two; Table 5.13 indicates that
ultimate gas production obtained from strategies 1, 3-and 4 are very similar and
strategy 2 gives the minimum result. The cumulative~productions are investigated
closely at each.layer in.Figure 5.85.

Figure 5.85reveals that gas-performances for all strategies are the same as oil
in Figure 5.84. Strategy 2 is gives the minimum autcomes at bothalayers and the other
strategies give simiar results at the.top.and bottom layers. " Therefore; the reason is the
same as explained in the oil production.

In summary, strategies 1 and 3 are excellent ways to maximize the ultimate

production of gas as shown in Table 5.13 with the green highlight.

5.13.3 Summary
Since there is no difference of water production and abandonment time
between strategies 1 and 3 as shown in Table 5.13 and they can deliver the best

outcomes for oil, gas, as well as BOE. Therefore, they are the most excellent
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strategies for this kind of multilayer reservoirs. However, startegy 1 is easier to

implement since it requires only one run of perforation while strategy 3 needs two.
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5.14 Case 14: G&W - G&O&W

In this case, the reservoir consists of 50 ft of gas and water zone each at the
top layer and 30 ft, 40 ft and 30 ft of gas, oil and water zone, respectively at the
bottom layer. These two layers are separated by 100 ft of impermeable layer. The top
layer is a gas reservoir with an aquifer underneath. The reservoir is water-drive and is
perforated 30 ft from the top of gas zone. The bottom layer is a saturated oil reservoir

combination of gas-cap- dr|ve

with a gas cap above and an aqwfer u ath. Drive mechanism of the reservoir is a
ﬁ is perforated 20 ft in the middle of

oil zone. A well schematlc 4 IS sh ure 5.88.

30 ft of perforation from
the top of gas zone

f- £..2,500 ft

-.--2,650 ft

N30

20 ft of pe
the middleﬁ MEI

Figure 5.88: Well schematic for Case 14: G&W — G&O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.89 and

comparative results are summarized in Table 5.14.
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Table 5.14: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 14: G&W — G&O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled

production production | production when production

with bottom up bottom layer | when top layer

half depleted half depleted

Cumulative production

Oil (MSTB) 1587 ] /é‘g,sse 1,593 1,573

Gas (MMSCF) 24,933 |/ 280203 24,899 24,933

Free gas (MMSCF) 23,536 |, 23,807 23,497 23,551
Solution gas (MMSCF) 1397 |7 1,396 1,403 1,381
MBOE 5586 || aun 5,886 5,872

Water (STB) 1,465 |\ 1,936 1,808 2,758

Oil recovery factor (%) * //l 8"} ‘L\L 9-1?3\“& 9.22 9.10
Gas recovery factor (%) ** 60.91 %g‘\\ﬁ 7| 60.83 60.97
Abandonment time (day) 196911 1 . 23344 19,812 20,178

* Qil recovery factor = total oil productidn / OOIﬁ_
* Gas recovery factor = (total free gas production'i‘togal solution gas production) / OGIP

ald ¥/
5.14.1 Oil production = 2l

Figure 5.89 shows that-oil,productidhj:p'yﬁoﬁles obtained from strategies 1 and 2
are very similar. Strat_ég;LS_ghLesﬂmﬂameﬁleyuilhﬂtafégies 1 and 2, except for the
point of time that fhe-top layer starts producing. Howé\}er, a totally different oil
production profile is obtained from strategy 4. Table 5:14 indicates that ultimate oil
production obtained from Strategies 1,.2.and"3, arevery.similar.while strategy 4 gives
the lowest results. "The-reason‘is that the majority-ef oil’ production comes from the
bottom layer which is a saturated‘reservoir with.a gas cap above and an aquifer
underneath. Figure,5.92B shows.that all strategies give the same amount of total oil
production from the bottom layer. However, strategy 4 delivers outcomes not as good
as the others because crossflow takes place into the top layer when we start producing
fluid from the bottom layer as shown in Figure 5.90.

To sum up, strategies 1, 2 and 3 yield excellent outcomes in term of ultimate

production of oil as shown in Table 5.14 with the yellow highlight.
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5.14.2 Gas production

Figure 5.89 shows that all gas production profiles are totally different. Table
5.14 indicates that the ultimate gas production obtained from strategy 2 is the highest.
Figure 5.93B shows that all strategies give the same amount of ultimate gas
production from the bottom layer. For the top layer which is a water-drive gas
reservoir, only strategy 2 shows a different result.

Strategy 2 delivers the highest .gas production because the top layer is
produced separately from the bottom one, causing a large pressure drawdown as
shown in Figure 5.91A. Because of the large pressure drawdown at the top layer, gas
remaining in the reservoir can expand better in order to drive a large amount of gas
into the wellbore and up to.the suriace.

In summary, strat€gy 2. is the ! most excellent approach to maximize the

ultimate production of gasias shown-in Table 5.14 with the green highlight.

5.14.3 Summary

Strategies 1, 2 and.3 are favorable for oil production while strategy 2 is the
best for gas production. When looking at.the BOE, strategy 2 gives the highest
amount as shown in Table 5.14-with the bfoWh highlight. Thus, strategy 2 which is
separate layer production is the-most excellent strategy for this kind of multilayer

reservoirs.
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Figure 5.90: Production profiles of Case 14: G&W — G&O&W, at the top layer
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5.15 Case 15: O&W - G&O&W
In this case, the top layer reservoir consists of 50 ft of oil and water zone each
at the and 30 ft, 40 ft and 30 ft of gas, oil and water zone, respectively at the bottom
layer. These two layers are separated by 100 ft of impermeable layer. The top layer is
an undersaturated oil reservoir with an aquifer underneath. The reservoir is water-
drive and is perforated 30 ft from the top of oil zone. The bottom layer is a saturated
uifer underneath. Drive mechanism of the
reservoir is a combination of aséak % ater-drive. It is perforated 20 ft in
the middle of oil zone. A w&fﬁéﬁs 0 46

is shown in Figure 5.94.
= - -
, ‘_E

oil reservoir with a gas cap above and

30 ft of perforation from

the top of oil zone ----2,450 ft
-2,500 ft
s 22,550 ft
J |
----2,650 ft

ﬂ 680 ft
L L_2720 ft

neegrtsed
ARIANN

Figure 5.94: Well schematic for Case 15: O&W — G&O&W

After applying different production strategies to this multilayer reservoirs,
results generated from simulation are analyzed. The production profiles of oil, gas and
water obtained from different production strategies are plotted in Figure 5.95 and

comparative results are summarized in Table 5.15.
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Table 5.15: Comparison of cumulative production, recovery factor and abandonment
time for different production strategies of Case 15: O&W — G&O&W

Production strategy Strategy 1: Strategy 2: Strategy 3: Strategy 4:
Commingled | Separate layer Commingled Commingled
production production | production when production

with bottom up

bottom layer
half depleted

when top layer
half depleted

Cumulative production

Oil (MSTB) 7,336 6,135 7,325 7,308

Gas (MMSCF) | 26,588 15,264 26,593 26,443

Free gas (MMSCF) 20,891 10,075 20,913 20,774

Solution gas (MMSCF) 5607 | 5,189 5,680 5,670
MBOE 970 8,767 NRNNFERONN 11868

Water (STB) o8 |\ 2,885 6,270 6,265

Oil recovery factor (%) * r ﬂ L] {580 & 18.28 18.24

Gas recovery factor (%) ** g5 =9\ \3040.8 52.96 52.66

Abandonment time (day) 34,684 T 4.80%2 31,683 31,989

* Qil recovery factor = total il production / OOIF:‘i_

* Gas recovery factor = (total free gas production;_;{.togal solution gas production) / OGIP

5.15.1 Oil production

Figure 5.95 shows that oil p.roductionTj_.pLQf_iles obtained from strategies 1 and 3

% 4,
TN

cu? dd

are very similar and.totally different from the other two. Table 5.15 indicates that the

ultimate oil productif)n_ obtained from strategies 1, 3 aﬁ‘ 4 are very similar while
strategy 2 gives the lowest ultimate oil production. The cumulative productions are
investigated closely at eachsayer in Figure 5.99.

Figure 5.99B shiows.cumulative ail production from the bottom layer which is
a combination-drive reservoir. It shows that strategies 1, 3 and 4 recover almost the
same ultimate oil production because they can produce oil from the bottom layer until
the reservoir reaches the economic limit. However, strategy 4 yields poorer results
than strategies 1 and 3 because crossflow takes place into the top layer after we start
producing fluid from the bottom layer as shown in Figure 5.96.

Strategy 2 withdraws the lowest amount of oil from the bottom layer as
demonstrated in Figure 5.99B. The explanation is that the production from one layer
at a time causes a relatively rapid pressure decline as shown in Figure 5.98B due to a

high oil production rate as pointed out in Figure 5.97 at the very beginning of the
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production period. As pressure is reduced, gas evolves throughout the reservoir and
flows toward the wellbore, and eventually resulting in a large quantity of oil
remaining in the reservoir. Figure 5.102 shows high values of gas-oil ratio obtained
from this strategy.

Figure 5.99A shows cumulative oil production from the top layer which is a
water-drive oil reservoir. It shows that strategies 1, 3 and 4 recover the same ultimate
oil production because they withdraw oil from the top layer until the reservoir reaches
the economic limit. Conversely, strategy 2 produces the lowest amount of oil from the
top layer. The reason is that the reservoii-dies before the production reaches the
economic limit is due to the fact that the reservoir pressure is not enough to lift the
fluid up to the surface. This is«due to high water production from the bottom layer
during the early period as‘indicated in Figure 5.101 which leads to early loading of
water in the wellbore.

In summary, strategiesd and 3 are excellent methods to maximize the ultimate

production of oil as shown in Table 5:15 with the yellow highlight.

5.15.2 Gas production

Figure 5.95 shows that ‘gas productic’)nb‘rofiles obtained from strategies 1 and
3 are very similar and totally-different from the ethers. Table 5.15 indicates that the
ultimate gas produetion _obtained from strategies 1,3 and 4 are very similar and
strategy 2 gives the Towest ultimate gas production. The cumulative productions are
investigated closely at'each layer in Figure 5.100.

Figure 5.100 reveals.that.gas performances.for all strategies are the same as oil
in Figure 5.99. Strategy-2 is the'least favorable strategy ‘at' béth layers and the other
strategies give the similar results at‘the top and the.bottom layersa.The reason for gas
production performance is the sameas deseribed in the oil case.

In summary, strategies 1 and 3 are the excellent methods to maximize the

ultimate production of gas as shown in Table 5.15 with the green highlight.

5.15.3 Summary
Since there is no difference of water production and abandonment time
between strategies 1 and 3 as shown in Table 5.15 and they can deliver the best

outcomes for oil, gas, as well as BOE. Therefore, they are excellent strategies for this
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kind of multilayer reservoirs. However, startegy 1 is easier to implement since it

requires only one run of perforation while strategy 3 needs two.
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Figure 5.96: Production profiles of Case 15: O&W — G&O&W, at the top layer
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CHAPTER VI
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

The different production strategies used in the study in order to achieve the
highest ultimate recovery give some clues of which strategies stand out for the highest
oil and gas recovery. The results obtained.indieated that no single strategy appears to

consistently deliver the highest ultimate hydrocarbon recovery.

Excellent strategy foir€aeh case is summarized in Table 6.1.

Fable6. 1< Excellent strategy for each case

Case Be:st strateg);tafor Best strategy for Best strategy in
oil production® gas production term of BOE

Case1: G- O p. il 4 2

Case 2: G - G&O &S . 4 4

Case 3: 0 — G&O 18003 ==, | 1and 3 land 3
Case 4: O — O&W 3 == 3 3

Case 5: G - G&W et ANy L 1 N/A
Case 6: G — O&W 2 Z. 2

Case 7.0 - G&W . 1and 4 4 4

Case 8: G — G&O&W land 3 1,3and 4 land 3
Case 9: O — G&O&W land 3 land 3 land 3
Case 10: G&O ~G&W Land 4 1.and.4 land 4
Case 11: G&O + O&W 3 3 3

Case 12: G&W —'0&W 2and 3 2and 3 2

Case 13: G&O < G&O&W 1and3 Liand;3 land 3
Case 14: G&W - G&O&W 1,2 and 3 2 2

Case 15: O&W — G&O&W land 3 land 3 land 3

We attempt to group the cases which have similar configuration of fluid and
similar results. As a result, a guideline for production strategy selection is presented in
this chapter in order to maximize the ultimate recovery of hydrocarbon. Excellent

strategy for different conditions of multilayer reservoirs is described as follows:
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6.1.1 Two-layered reservoirs with oil present in both the top and bottom
layers with a gas cap in the bottom layer

When multilayer reservoirs have oil present in both the top and bottom layers
with a gas cap presents in the bottom layer, i.e., case 3: O — G&O, case 9: O —
G&O&W, case 13: G&O — G&O&W, and case 15: O&W — G&O&W, the excellent
production strategies are strategies 1 and 3. The major reason is that oil reservoir from
both layer are produced simultaneously. Therefore, the oil producing rate is
contributed from both layers. As a result-of low oil production rate from each
individual layer, we can prevent the flow of-gas«in the oil zone as well as early water
loading, resulting in an increase.in ultimate oil.recovery.

Since the difference«n recovery factor between the two strategies is not much.
Therefore, strategy 1 may be.more atiractive since only one batch of perforation is

needed while strategy 3 needstwo perforation runs.

6.1.2 Two-layered reservoirs with oil present in both the top and bottom
layers with an aquifer in the bottom layer:

When multilayer reservoirs fiave oi'lfipresent in both the top and bottom layers
with an aquifer at the bottom layer. i.e., case 40 — O&W and case 11: G&O — O&W,
the excellent production strategy is strategy 3. This.is because strategy 3 produces oil
from a water-drive reservoii-at-the-bottom-tayer-separately. During this period, the
reservoir can take more advantage from water-drive mechanism which is the best one

to maximize the oil recovery.

6.1.3 Two-layered reservoirs with gas present in the top layer and oil
present in the bottom layer

\When multiayer reservoirs have gas present in the top layer ‘and oil present in
the bottom layer, i.e., case 1. G — O, case 2: G — G&O, case 6: G — O&W, case 12:
G&W — O&W, and case 14: G&W — G&O&W, the excellent production strategy is
strategy 2. The major reason is that no crossflow takes place between the two layers
since gas and oil reservoirs have a large difference in pressure drawdown when we
produce two layers simultaneously.

There is an acceptation for case 8: G — G&O&W which has gas present in the
top layer and oil present in the bottom layer, but the excellent production strategies
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are strategies land 3. Although no crossflow takes place for strategy 2, but this
strategy does not deliver the best performance because the reservoir is produced one
layer at a time. Hence, less energy support due to separate production may be the

possible reason.

6.1.4 Two-layered reservoirs with oil present in the top layer and gas
present in the bottom layer

When multilayer reservoirs have o1l present in the top layer and gas present in
the bottom layer, i.e., case 7: O — G&W, and-case 10: G&O — G&W, the excellent
production strategies are_strategies 1.and 4. These two strategies yield excellent
outcomes for oil recovery sinee.no crossflow of oil takes place between the two
layers. This is because'the pressure difference between the layers of these strategies is
not as much since the.gas resenvoir is not produced separately at the early time.

Although strategy 4+ delivers slig'hﬂy better results than strategy 1 because
water production is delayed; but strategy. i-may be more attractive since only one

batch of perforation is needed while strategy 4 needs two perforation runs.

6.1.5 Two-layered reservoirs withi'éés_,present in both the top and bottom
layers and there is no oil in the system | ¥

When multilayer reservoirs have no o-iI present but.gas present in both the top
and bottom layers, i:e4 case 5: G — G&W, the excellent proeduction strategy is strategy
1 because the bottom layer is produced in'a commingled fashion with depletion-drive
reservoir at the top layers Generally, the depletion-drive mechanism is the best for gas
reservoirs. Therefare, .gas production from the depletion-drive reservoir induces a
larger pressure drop at the bottom layer and resulting in an increase in ultimate gas

recovery.

6.2 Recommendation

In this study, we investigate the impact of different production strategies on
the production performance and ultimate recovery. However, the conclusions are
made from simulation results which come from a hypothetical model. Since the
reservoir model is assumed to be very large with dimensions of 5,000 ft x 5,000 ft and
a thickness of 500 ft, the difference in performance between the strategies cannot be

seen obviously since the production period is very long. Therefore, future work
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should reduce the size of model to get better comparative results and should perform
economic analysis for different strategies.
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