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CHAPTER

Introduction

An oil rim is generally defined as thin oil column relative to large column of overlain
gas cap. Sometimes oil rim is also underlain by aquifer. Oil rims are ribbon like
structures that can have very limited lateral extension or in some cases extend

laterally across the field but are P@H]’r é hinner than the overlain gas cap or

underlain aquifer. Figure-1. 1\1151;15trates d es and sizes of oil rims in multi
stacked reservoir environment. The oil -ﬂms in this study are in the range of

40-60 ft in thickness. R or fi om 011 rims generally tends to be on the lower

side. Gas coning an g 1 one of the-major issues in producing these

thin oil rims. The coni , 1_1_10;6,3'} onounced in vertical and deviated wells

as compared to horizo omfe s the well has to flow at very low rates to
avoid gas and/or water at 06' ' _;10t J tlfy the cost of drilling the wells. A
number of studies and ex ents ‘havef 1ed out to estimate gas and water

in case of vertical wells. If the Wﬁﬂ&are fg at higher rates, gas and/or water cone
will hamper the overall oil recov’ery‘from fg se types.of reservoirs.
- T

Figure 1.1 Illustration of thin oil rims with gas cap and aquifer

This study will discuss different factors that could affect oil recovery from thin oil
rims. Management of these types of reservoirs starts from very beginning when the
wells are drilled. The first step to better manage these reservoirs is to properly

indentify the fluid contacts. If both



gas and water contacts are present, identification of OWC and GOC becomes very

critical from recovery stand point.

Rate optimization is an essential factor in optimizing oil recovery from these
reservoirs. Rate optimization also sometimes becomes very critical where there is
facility constraint for water and/or gas production. It also derives the cash flow once
the field is online. Sometimes very low rates to avoid gas and water coning cannot be
economically justified. In these cases, horizontal wells are better candidates even
though some vertical or deviated wells arc alrcady drilled in the same reservoir. This
study will use actual field examples toydemeonstrate how drilling horizontal wells in
these thin oil rims can besmore economical than the deviated wells already penetrating
the reservoir. Different*Scenarios for placlsement of horizontal wells with respect to the
fluid contacts (OWC and GOC) will also be run to see the impact of well placement

on overall oil recovery.

1.1 Objective
The objective of this thesis i§ to study reédﬁfery optimization from an oil rim having
gas cap and underlain by an-aquifer. Tlﬁ;fé’llowing factors that impact oil rim

recovery will be discussed: -~ = -

1) Rate optimization by studying effect of
a. gas coning
b. water coning
2) Type and well placement to-optimize recovery
a. vertical or deviated wells
b2 horizental wells
c.  horizontal well placement with respect to GOC and OWC

3) Primary versus secondary recovery



1.2 Thesis outline
The thesis consists of five chapters.

Chapter I outlines introduction to the oil rim reservoirs and challenges
associated with recovery from oil rim reservoir. It also briefly explains the
objectives of this thesis work and methodology to complete this project.

Chapter 1II is review of literature regarding this topic. Any previous work
done, analysis and results are also discussed in this chapter.

Chapter III describes the theories and.edncepts used in this study including
identification of oil rims, force balance concepts in oil rims, coning mechanism,
basic simulation concgpts. experimental design concepts, water injection and gas
injection basic concepits.

Chapter IV introduces the field under study and explains the workflow for
model construction, different sourcesfoﬁ data and data validation to initialize the
model.

Chapter V discusses and’ comp-éf;esﬁ results for different scenarios. The
following scenarios studied.in an effortj-_-t:)'.optimize the oil recovery from thin oil
rim reservoir include base case scenarl(r dev1ated wells optimization, horizontal
well recovery and optlmlzatlon comparlson of pnmary depletion scenarios,
pressure mainténance with water injection, pressute maintenance with gas
injection, pressure maintenance with combination of gas and water injection and

finally comparison of-all recovery scenarios mentioned above.

1.3 Methodology
The following methodelogy will be.used for this thesis work

1. Data gathering from one reservoir that qualifies as oil rim. The data to be
gathered includes:
a. SRFT data (use to establish the contacts)
b. Well log data to get porosity, water saturation (data will be used to

construct static geologic model)



c. Reservoir permeability (o-k transform equations will be used if direct

permeability measurements are not available)
d. Oil and gas properties for the reservoir to be studied
e. Relative permeability data (regional available data to be used if SCAL
data not available)
Construct pressure vs depth plot using SRFT data to estimate the contact
depths
Construct static geologic model using log properties and pressure data.
Define grid block size, number of layers.in the model and number of grid
blocks .
Export static model'to incorporate in dynaniic simulation model
Initialize the model using initial I:Eservoir conditions
a. Match initial pressures -4
b. Match initial fluid contacts—a; 4
Run base case Scenario _Wi_th dexﬁifzgt'eg wells (production from all available
deviated wells penetrating ]t_}jlne reser:_'\jé_i‘r-)

Optimize rates from deviaied Wells}.tq;:rnaximize recovery (rate optimization

for gas coning and water coning)

I

Shut in all c_lé_viated wells and produce from hori‘iqntal well(s). Optimize oil
recovery from_h_orizontal well using following fac_i:éts
a. Rate opfimization for gas and/or water coning using bottom hole
drawdown variations

b. 'Optimize well placement with respect to distance from GOC and OWC

10. Water injection from down dip location using deviated producers
11. Water injection supplemented with gas injection using deviated producers

12. Steps 10 and 11 using horizontal producers



CHAPTER 11

Literature Review

The goal in any oil field development is to accelerate the hydrocarbon production and
optimize the oil recovery at lowest cost possible. This objective becomes very
challenging when managing thin oil rim reservoirs where a thin column of oil is
overlain by a large gas cap and underlain by a strong aquifer. Early gas breakthrough
and water coning can cause serious problems.to production and hence jeopardize oil
recovery. In this type of ieseivoit, it iswery critical-to control the movement of GOC
and OWC. Keeping a force balance between gas cap expansion and aquifer movement
is the key for maximum il recovery, A successful project may entail plans to
maintain the reservoir€nergy through water injection or produced gas re-injection to

maintain reservoir presstire and enhanece oil recovery.

Producing from an oil'rim reservoir, séyera_l studies indicated that primarily, the
achievable oil recovery factor caﬁ be ar_‘ :f.u;iction of oil-rim thickness, horizontal
permeability, residual oil saturation, Well-‘;};pg, well spacing, and well distance to
water oil and gas oil contacts. Studics hai\z'_fe_r_shqwn that recovery also depends on
balance of gas cap and aquifer éxpansion and- tI;e resulting aquifer water displacement
flow geometry. Studies performed by Razak et al. (2010) showed that, for light oil
and with piston-like displacement of o1l by bottom water, the theoretical maximum
vertical sweep efficiency; with an optimized spacing of horizontal wells, is estimated
as 52.36%. The maximum, vertical sweep. efficiency achievable by such favorable
flow geometry ¢an be then estimated for different reservoir dynamic properties by
0.5236*(1-Swc-Sowy/(1-Swe)."The oil tecovery efficiency can beexpressed as product

of vertical and areal sweep efficiencies. The corresponding areal sweep efficiency for

a piston like bottom water displacement can be regarded as 1.

The above mentioned analytical method took into the account of oil rim thickness by
mean of estimating the optimal horizontal well spacing by multiplying oil rim

thickness with the square root of horizontal to vertical permeability ratio.



2.1 Production and depletion strategy

According to Kabir and Agamini (2004), two depletion strategies may be enacted to
improve recovery of the remaining oil. A conventional scheme involves the use of
horizontal or vertical wells for reservoir development under natural depletion. The
ideal production scenario involves oil withdrawal with minimal depletion from the
gas cap to minimize energy loss. During pressure depletion, the gas cap will expand to
provide energy support. However, the gas cap recedes with aquifer influx. In this case
the operator has to compromise for very<low production rates to achieve high

recovery factor for oil.

The second strategy involves balancing of GOC and OWC by either water injection
into the aquifer or gas wé-injection info the gas cap. This allows the operator to
produce the well at reasonable rates with little gas cap expansion and oil smearing

into the gas cap.

2.1.1 Gas cap blowdown optimization ‘

Conventional production scheme mvolves the use of horizontal wells for reservoir
development under natural depletion. The 1dea1 production scenario involves oil
withdrawal with minimal depletlon from the gas cap to. minimize energy loss. On the

other side, the plan'for placing horizontal well near the gas cap would increase gas

production, thus decreases encrgy in the reservoir.

To see the effect of gas ‘production .to the oil recovery, Hudya et al. (2008) ran
sensitivities consideéring gas production ©onstraints in Gunung Kembang Field,
Indonesia. That includes varying igas productien rate from existing gas well and
planned horizontal, wells; from 8 MMSCED to 32 MMSCFD and also with the gas
production schedule based on point of delivery (POD). The result of the gas

production sensitivity can be seen in Figure 2.1.

The sensitivity result show that constraining gas rate would decrease the oil recovery
since constraining gas production from the planned horizontal well would also mean

constraining the oil production.
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2.1.2 Horizontal well landmg
Horizontal wells seem to prov1de a proml ing 1¢ coning problem. In order

to avoid pre-matur ells should normally be

positioned as far awa ssible. BLﬂm some studies it has been
shown that placing the herizontal wells closer to GOC actually increases oil recovery.

In any case itﬂ u E}h@v% &J ‘H@ w %Jﬂ ﬂ ‘rﬁce that long horizontal

wells have greg‘ advantages over 'yertlcal and dev1ated wells &1} far as coning is
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Two maln features of horizontal wells make it possible to obtain high recovery; the
lower pressure drawdown required to produce the same volume of oil and the
possibility of placing the completion as far away from the unwanted fluid as possible.
Horizontal wells are therefore increasingly used in the development of fields with thin

oil rims.



Placement of horizontal well in a thin oil rim is a challenge and depends on the
relative indices of the gas cap and the aquifer, Hudya et al. (2008). In some field
examples, it is seen that placing horizontal well near OWC is not a very good decision
due to early water breakthrough. It is also mentioned by the study done by Kabir et al.
Their study indicate that by placing horizontal well near the GOC for thick gas cap
reservoir would ultimately increase recovery since this practice would avoid
displacing oil into large gas cap and also avoid water to invade to the horizontal wells
early. But in other cases where gas production is an issue and gas production has to be
constrained, this technique is not a good strategy. In this scenario, drilling horizontal
well too close to GOC will allow to produce at very high gas rates in the initial life of
field production. The required gas oil ratio (GOR) will be achieved very quickly, and
the well has to be either shut-down or choked back to reduce the production
significantly. This also allows the/gas (o éxpand very fast and hence responsible for

depleting the reservoirenergy 81 gniﬁcantlxy.

Wells drilled closer to OWL showed the bé_st performance in terms of minimizing gas
production and increasing oil recovery. Wellidlengths in each case should be optimized
on field by field basis. Approptiate placemiqﬁt‘j"bf horizontal wells is very crucial to
ensure successful horizontal-well. Fluid" -b‘reékthrough has a different effect on
individual well produetion depending on the fluids and well type. Highly deviated or
horizontal wells experience a reduction of the effective producing length as gas and/or
water reaches the horizontal section. In some cases, when the breakthrough occurs at
the heel, the flow ,along the horizontal section ,may be, altogether inhibited. This has
been proven in the field while running flow ‘image ‘scanner to capture the fluid

distribution and influx profile within the horizontaksection.

Practices, have been reported to optimize well placement, drilling, completion and
stimulation for such cases. Artificial lift may be used to improve the performance of
such wells if water is increasing the fluid column density (and therefore bottom hole
flowing pressure). When gas breakthrough occurs, well production is controlled by
means of increasing tubing head pressure to maximize the production of liquids and
minimize re-circulation of the gas. Reservoir geology, combined with the
development strategy determines the time of gas and/or water breakthrough as well as

the expected amounts of fluids at the wellhead.



2.1.2.1 Horizontal wells below OWC

Haug et al. (1991) proposed that one possible solution to the coning problem is to
complete the well some distance below the WOC, thus increasing the distance
between the perforations and the GOC. The method is referred to as “inverse coning”
and relies on oil down coning into the completions through the water zone as shown

in Figure 2.2.

initial WOC

am

initial WOC

am

AU IRENINGINS
RIAINTRUNIINYIAE

Figure 2.2: Illustration of inverse coning in horizontal wells below OWC. (Haug et al,

1991)

The completion of the well below the OWC was studied by Van Lookeren as early as
1965, and has been further investigated by Cottin and Ombret. In their studies, it has
been proved that wells drilled below the OWC are effective in reducing gas coning.

Several correlations for critical rates and time to gas/water breakthrough in horizontal
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wells are presented in the literature, which show that the distance from the
completions to the coning fluid strongly influences both time to breakthrough and the

maximum liquid rate which can be produced while avoiding free gas production.

Horizontal wells have already been tested in the thin oil zone of the Troll field' and
have proven effective in reducing gas coning. The objective of Troll field study was
to review the possibility of improved oil recovery from the thin oil zone by placing
horizontal wells below the OWC. Although the simulations performed in that study
were for a specific field, the results shouldbe applicable to other thin oil reservoirs in
general. An extensive range of sensitivity studies were performed and was found that
the following principlesréseryeit -parameters control production characteristics of

inverted horizontal wells:

a. Completion depth

b. Initial liquid production rate
c. Absolute permeability

d. Anisotropy ratio

Oil/gas density difference
f. Fluid mobilities

g. Thickness of oil column

A long term test with .a horizontal well in the Troll ficld was performed with varying
oil rim thickness and distance of horizontal well from OWC. The horizontal well was
completed 3 m.above the ' OWC in a,22-m thick oil rim,.and during the test period
more than 1 million“of-eil Wwas produced. The history matched simulation model has
been used for long term predictions©f production=with different cempletion strategies
in the thick'oil zones of the Qil Province. The results of a 20-year production period
are shown in Figure 2.3. It can be seen that the optimal completion depth is deeper
than in the 12-m oil zone in the Gas Province. The optimal depth seems to be about 7
m below the OWC. The relative increase in oil production is considerably less for the
thicker oil column, and it takes longer time before the cumulative production from
inverted wells exceeds that of conventional wells. The increase in oil production for
the well completed 7.5 m below the contact was 20%, and it takes about 7 years for

the inverted well to catch up with the conventional one in cumulative production. The
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increase in water cut was much less with the 22-m rim than with the 12-m rim, and
the water cut was also less sensitive to completion depth below the contact. The water

cut rose from about 40% at +3 m to 53% at -7.5 m.
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Figure 2.3: Water cut and cumulative oil prodi!,(_;ed for different completion strategies

derived from long term test match, ﬁoﬂ field. (Van Lookeren, 1965)

2.1.3 Impact of produced gas re-injection

The second step; therefore,-is to, study. the.effect of produced.gas re-injection on gas
cap expansion and lassociatéd GOC.movement with.current'condition of aquifer drive

and the WOC movement.

Injecting produced” gas ‘into the gas cap may not be the best way to improve the oil
recovery. Some case studies even showed that injecting produced gas back to the oil

rim can be more effective. Nevertheless, for a field where produced gas re-injection is

being done, the GIGP (ratio of gas injection and gas production) can be shown as a
key parameter which can be optimized at different production levels for achieving

maximum recovery.



CHAPTER III

Theories and Concepts

3.1 Thin oil rim — Introduction

Thin oil columns overlain by a gas cap and underlain by an aquifer are generally
known as thin oil rims. Thin oil rims pose difficult challenges in completion method,
production policy, and reserves estimations Considering the relativity of the term
‘thin’, in the context of this work, thin oil-ritns*are those that “will cone either water
or gas, or both when produced.at commercial rates”. This definition also applies to the
ultra thin oil columns, with thickness below 301t discussed by Kabir et al. Generally
recovery from these reseivoirs depends-on completion method, production policy, gas

cap size, thickness of oil golumn, aquifer'sfr'ength, as well as rock and fluid properties.

3.2 Recovery from thin oil rims 7 _ 4

For a thin oil rim with gas cap o top and a strolng aquifer below, the art of optimizing
the oil recovery is to keep. the eil rini in continuous.contact with the producing wells
in the oil rim. Therefoie, the management-of gas-oil-confact and water oil contact
movement is extremely critical. For the oil rim reservoirs, the strategy of producing
the oil rim first and thén blowing down the gas cap is usually adopted, but in some
cases the gas st blown downgfirst, and~then ;the oil is, produced with support from
strong aquifer or waterinjection. In-the earlier case-where the o0il recovery is preferred
before gas blow down, most of the produced gas“hall be re-injected into the gas cap
to maintain the reservoir energy. Thiscalso helps to maintain théygas oil contact close

to the original level and not allowing the oil to smear into the gas cap.
3.2.1 Force balance in thin oil rims

Production practices for oil rim reservoirs usually centre on conservation of the gas
cap (energy) to maximize oil recovery. To achieve maximum results, force balance
between aquifer drive, gas cap expansion and viscous withdrawal (production) shall

be carefully studied for a given reservoir at various stages of the production life cycle.
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Maximum oil recovery can be achieved by keeping oil rim in contact with producing
wells at all time and this could be achieved by balancing the OWC and GOC
movement by controlling production rates, gas injection into the gas cap or even
injecting water into the aquifer. Figure 3.1 illustrates the phenomena of force balance

in thin oil rims.

Figure 3.1: Reservoir drive echgnj:sms aﬁQ}Lorce balance between gas cap expansion,
aquifer drive and YiS'F,a}l,s withdrawal.

S ———

With additional gas and water myectlon s‘qhém&s the force balance becomes more

complicated. If such Lgnconventlonal water and gas 1nject&u schemes are required, the

general consensus 1§*{0 ‘inject water from down dip locaﬂ‘bn and gas from an updip
location usually in the-gas cap. But the key task remains.the same which is to manage
and control the GOC and WOC movement!‘Displacing oil from the oil rim to the gas
cap is to be avoidedsas it detrimentally reduces the mobil¢ ail and severely incurs loss

of oil reserves.
3.2.2"° Well' type and ‘placement

Planning and drilling wells in thin oil rims is a challenging task. In case of thin oil
rims with gas caps, early gas breakthrough and gas cycling can cause serious
problems, especially in a commingled production environment and heterogeneous
geological conditions. These problems are more pronounced in vertical or deviated
wells where gas and water coning is a big issue and starts in early period of

production. This hampers the overall oil recovery due to oil smearing in the gas cap.
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In order to minimize the coning effect, the well has to be produced at very low rates to
minimize drawdown, which can be uneconomical to produce in some cases.
Subsequent vertical wells need to be drilled as the oil column moves up due to
depletion. The completion strategy in these vertical or deviated wells is very critical,
and for better reservoir management stand-off from both GOC and WOC is required
to avoid early gas or water coning. Different well types that can be placed in an oil

N e

rim are shown in Figure 3.2.

3 i

Drilling horizontal wellsﬁ,in these thin oil rims have proved successful in optimizing
o

L7
the oil recoveﬁﬁﬁaﬁ?.ﬂ mngzﬂ]tg"ﬂs with respect to GOC
and WOC is very critical and depends on the relative indices of the gas cap and the
. . ¢ . . .
aquifer.T aLLy hqﬁ i) aﬁﬁ:ﬂrﬁ Elqwl fjm the system.
Howe\a ﬁ:en 1@ on th m nectivi e ya time delayed

response occurs. The GOC recedes with water influx. Ultimately, cresting causes the

well to water out.

According to Kartoatmodjo et al. (2009), one of the most crucial aspects to ensure
successful horizontal wells is appropriate placement of horizontal wells. Fluid
breakthrough has a different effect on individual well performance depending on the

fluid and well type. Highly deviated or horizontal wells experience a reduction of the
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effective production length as gas and/or water reaches the horizontal section. In some
cases, when the breakthrough occurs at the heel, the flow along the horizontal section
may be altogether inhibited. This has been proven in some fields by running flow
image scanner to capture the fluid distribution and influx profile within the horizontal
section. In some wells, water blockage due to trajectory in-conformance at the heel
section can cause the loss of all production from respective wells. This situation is
depicted in Figure 3.3 which shows .the undulating trajectory and the water

accumulation in the heel section in\h\Q actices have been reported to optimize

well placement, drilling, co@ﬁ and si 161 for such cases.
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Horizontal wells can be placed C or even ve

smearing into the gas zone. In this case, the reverse oil coning takes place. The initial
GOR in this case will be very high before significant oil production starts. The
drawback in this strategy is that the reservoir losses energy relatively quickly
especially if there is not enough aquifer support to maintain the reservoir pressure. To
mitigate the problem of excessive gas production in areas where gas could not be sold
due to facility constraint or the gas properties themselves, the well can be placed

below the GOC or even very close to the OWC.
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3.3 Reservoir simulation overview

The dictionary defines simulation as simply “to give an appearance of”. To an
engineer or analyst, simulation involves the utilization of a model to obtain some
insight into the behavior of a physical process. It is a process or mechanism by which
a particular problem can be studied in varying depths of detail to obtain answers or to
confirm hypothesis. Simulation has long been recognized in many applied sciences as
a final resort. Numerical reservoir simulators are used widely, primarily because they
can solve problems that cannot be solved in any-6ther way. Simulation is the only way
to describe quantitatively the flow of multiple phases in a heterogeneous reservoir
having a production schedule detcrmined not only by the properties of the reservoir,

but also by market demand, investment strategy and government regulations.

The potential of simulation was recognized in early 1940’s and early 1950’s by a
number of companies:” Their commitmeﬂf of effort both to fundamental research on

numerical analysis and'to development";{)f practical methods for using available

computers resulted in crude, but nohetheleéé;‘u-'s:eful simulators by mid 1950’s.

i

3.2.1 Forms of simulation

As mentioned in the'definition of simulatié)ﬁ',_i-t-ié a process by which you can guess
an unknown charac¢tér by using the known features of the system. So, as far as
petroleum reservoirs are concerned, there arc two unknown characters, flow
characters of the reservoir fluids and static.or rock characters. The requirement is to
analyze them [separately. "Al brief introduction to- these areas is mentioned in this

section.
3.2.2\ Purpose of simulation

The purpose of flow simulation is estimation of field performance or broadly speaking
a detailed simulation study is conducted to answer reservoir management issues
aimed towards reservoir optimization. The point has become very clear that analytical
tools become less effective as problems begin to increase in complexity. In the
petroleum engineering discipline, complexity in physical processes is more of a rule
than exception. The engineer today is required not only to determine the best future

performance based on physical behavior of the system, but to become increasingly
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aware of the interaction of the economic, regulatory, legal and environmental impacts
of his decisions. All these forces action together have produced such a complex
pattern that any useful analysis must necessarily incorporate them all. Such built in
complexity naturally lends itself to some simulation process whereby the effect of
various parameters on the solution can be examined rather critically. Therefore, the
whole process has to be revised several times in a simulation mode before it is put

into practice.

3.4 Coning mechanism

Coning is primarily the gesult’of movement of reservoir fluids in the direction of least
resistance, balanced by a‘tendengy of the fluids to maintain gravity equilibrium. The
analysis may be made with reéspect to ei’thqr_ gas or water. Let the original condition of
reservoir fluids exist a§ shown schemat{lqally i Figure 3.4, water underlying oil and
gas overlying oil. For the purposes of q‘is"éussion, assume that a well is partially
penetrating the formation (as shown in Flghrle 3.4) so that the production interval is

halfway between the fluid contacts.

Production from the-well would create pressure gradients that tend to lower the gas-oil
contact and elevate¢ _the water-oil contact in the immediate vicinity of the well.
Counterbalancing these flow gradients is the tendency-of the gas to remain above the
oil zone because of its lower density and the tendency of the water to remain below the
oil zone because of its 'higher density. ThHese counterbalancing forces tend to deform
the gas-oil and water-oil contacts into a bell shape as shown sghematically in Figure

3.4.
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— Gas-oil Contact

[
e Gravity forces

° Viscous forces

Capillary forces u f;r!., i ‘and will be neglected. Gravity
forces are directed 1nBe vertice arise from fluid density differences. The
term viscous forces re@r to the pressure gadlents associated fluid flow through the

reservoir as ﬁ%ﬂ?%ﬁ%%ﬁ@ﬂ Qﬁn time, there is a balance

between gravitational and V1scous forces at points on and away from the well

m—c pE RHP 3R NI L
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OIL BEARING:
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the dynamlc (viscous) forces at the well are less than the gravity forces, then the water
or gas cone that has formed will not extend to the well. Moreover, the cone will neither
advance nor recede, thus establishing what is known as a stable cone. Conversely, if
the system is under an unsteady-state condition, then an unstable cone will continue to

advance until steady-state conditions prevail.

If the pressure drop at the well is sufficient to overcome the gravity forces, the unstable
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cone will grow and ultimately break into the well. It is important to note that in a
realistic sense, stable cones may only be “pseudo-stable” because the drainage system
and pressure distributions generally change. For example, with reservoir depletion, the
water-oil contact may advance toward the completion interval, thereby increasing
chances for coning. As another example, reduced productivity due to well damage
requires a corresponding increase in the flowing  pressure drop to maintain a given
production rate. This increase in pressure drop may force an otherwise stable cone into

a well.

The critical production rate is the rate above which the flowing pressure gradient at the
well causes water (or-gas) to_cotie into the well. Tt'is, therefore, the maximum rate of
oil production without*€ongurrent pr0d1|lcti0n of the displacing phase by coning. At the
critical rate, the buildup cencis stable but is at a position of incipient breakthrough.
Defining the conditions for achieyving ;tfle maximum water-free and/or gas-free oil
production rate is a difficult problem to -jsol'-ve. Engineers are frequently faced with the

following specific problems:
1. Predicting the maximum flow raté-__-tfhz.‘l-g can be assigned to a completed well

without the simultaneous production of water and/or free-gas.

2. Defining the optimum lenoth and position of the interval to be perforated in a

well in order to obtain the maximum water and gas-frce production rate.

Calhoun (1960) pointed.out that the rate at which the fluids can come to an equilibrium
level in the rock may be so slow, ‘dueito the low permeabilityor to capillary properties,
that the gradient toward the wellbore overcomes it. Under these circumstances, the
wateris liftedinte theiwellboreand the gas flows\downward; creating a cone. Not only
is the direction of gradients réversed with gas and oil cones, but the rapidity with which

the two levels will balance will differ.

Also, the rapidity with which any fluid will move is inversely proportional to its
viscosity, and, therefore, the gas has a greater tendency to cone than water. For this
reason, the amount of coning will depend upon the viscosity of the oil compared to that
of water. It is evident that the degree or rapidity of coning will depend upon the rate at

which fluid is withdrawn from the well and upon the permeability in the vertical
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direction, k, compared to that in the horizontal direction, k. It will also depend upon
the distance from the wellbore withdrawal point to the gas-oil or oil-water

discontinuity.

The elimination of coning could be aided by shallower penetration of wells where there
is a water zone or by the development of better horizontal permeability. Although the
vertical permeability could not be lessened, the ratio of horizontal to vertical flow can
be increased by such techniques as acidizing or pressure parting the formation. The
application of such techniques needs to be eontrolled so that the effect occurs above the
water zone and/or below the gas zone, whichever is the desirable case. This permits a

more uniform rise of a water table.

Once either gas coning or #vater coning has occurred, it is possible to shut in the well
and permit the contactg'to te-stabilize. aniess conditions for rapid attainment of gravity
equilibrium are present e-stabilization Wiﬂ not be extremely satisfactory. Fortunately,
bottom water is found often where favora:t)le..conditions for gravity separation do exist.
Gas coning is more difficult to aveid beéa’usc gas saturation, once formed, is difficult
to eliminate. There are essentially three ca@é'&‘ries of correlation that are used to solve

the coning problem. These catégories are: -

e C(ritical rate calculations
e Breakthrough time predictions

o Well performance calculations after breakthrough

These categories of calculations are applicable“in _evaluating theé coning problem in

both vertical and horizontal wells.

3.5 Water flooding

The displacement of one fluid by another fluid is an unsteady-state process because the
saturation of the fluids changes with time. This causes changes in the relative

permeabilities and either pressure or phase velocities. Figure 3.6 shows the stages of a
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typical water flood process. Before start of water injection, initial saturations are
uniform as shown in Figure 3.6a. Injection of water at flow rate q causes oil to be
displaced from the reservoir. A sharp water saturation gradient develops as seen in
Figure 3.6b. Water and oil flow simultaneously in the region behind the saturation
change. There is no flow of water ahead of saturation change because the permeability
to water is essentially zero. Eventually, water arrives at the end of reservoir, as seen in
Figure 3.6¢. This point is called breakthrough point. After breakthrough, the fraction of
water in the effluent increases as the remaining oil is displaced. Fig 3.6d depicts the

water saturation in a linear system late in the displacement.
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Figure 3.6:,_]-)i;fferent stages of water flooding. (Bu_-él_(_ley and Leverett, 1962)

Buckley and Lever‘e“;t (1962) defined different productigr; phases during a water flood
shown in Figure 3.7. fhitially the reservoir is producing on primary depletion. At some
point ‘A’ dunitig thé dec¢linie phiase, watertinjéétion s started=Depending on the timing
of water injection, there will be a time lag before there is interference with reservoir oil
marked as point ‘B’ in, Figure.3.7. After interference, again depending on the timing of
water njection and how'much voidage is already-created-by production, there will be a
fill up time. After the fill up time indicated by point ‘C’, there will be water flood
response time when the oil production starts increasing till point ‘D’. After which the
injection water breakthrough and the decline starts. The decline continues untill

abandonment point ‘E’.
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Factors to conside

In order to determine the suitabid it) ,, ' lidate reservoir for waterflooding, the

following reservoit chara

Reservoir geoEety
Fluid propertles;

Reseﬂ‘l'ﬂpEJ’mEm‘ﬁWEHﬂ‘i

L1thol and rock propertlgs

TRIRGNIU NN INYA Y

Reservoir uniformity and pay continuity

Each of these topics is discussed briefly in the following subsections

1) Reservoir geometry

The areal geometry of the reservoir will influence the location of wells and if offshore,

influence the number of platforms required. The reservoir geometry will essentially

dictate the methods by which a reservoir can be produced through water-injection
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practices. And analysis of reservoir geometry and past reservoir performance is often
important when defining the presence and strength of a natural water drive and, thus,
when defining the need to supplement the natural drive. If a water-drive reservoir is

classified as an active water drive, injection may be unnecessary.
2) Fluid properties

The physical properties of the reservoir fluids have pronounced effects on the
suitability of a given reservoir for further development by water flooding. The viscosity
of the crude oil is considered the most important fluid property that affects the degree
of success of a watertlooding project. The oil viscosity has the important effect of

determining the mobility satio that, in turn, controls the displacement efficiency.

3) Reservoir depth

Reservoir depth has an impoustant inﬂueﬁéeJ on both the technical and economic aspects
of a secondary or tertiary recovery. projéqt. Maximum injection pressure will increase
with depth. The cost of liffing 0il from very deep wells will limit the maximum
economic water oil ratios/that ¢an be t(-)-i__-eirq:c?d, thereby increasing the total project
operating costs and reducing the ultimate r’&:&ery factor. On the other hand, a shallow
reservoir imposes a restraint on the injec‘t‘ié_ri!f)fessure that can be used, because this
must be less than fracture pressure of the reservoir. In Waterflood operation, there is a
critical pressure (approx 1psi/ft of depth) that, 1f exceeded, permits the injecting water
to expand openings along fractures or create, fractures. This results in channeling of the
injected wateror the bypassing of the large portions of réservoir matrix. Consequently,
an operationall pressure gradient of 0.75 psi/ft is normally allowed to provide a

sufficientimidrgin.of safety,te-preventpressure parting:
4) Lithology and rock properties

Thomas et al. (1989) pointed out that lithology has a profound influence on the
efficiency of water injection in a particular reservoir. Reservoir lithology and rock
properties that affect flood ability and success are porosity, permeability, clay content

and net thickness.
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5) Fluid saturations

In determining the suitability of a reservoir for waterflooding, a high oil saturation that
provides a sufficient supply of recoverable oil is the primary criteria for successful
flooding operations. Note that higher oil saturation at the beginning of flood operations

increases the oil mobility that, in turn, gives higher recovery efficiency.
6) Reservoir uniformity and continuity

Substantial reservoir uniformity is one of.the major physical criteria for successful
waterflooding. For example, if the fosmation-contains a stratum of limited thickness
with a very high permeability (thief zone), rapid channeling and by passing will
develop. Unless this zefic can be located and shut off, the producing water oil ratio will
soon become too high#for the flooding (ij?ration to be considered profitable. The lower
depletion pressure thatimay exist in_the Lighly permeable zone will also aggravate the
water channeling tendency due to the f)igh permeability variations. Moreover, these
thief zones will contdin 1¢ss fesidual oil thari the other layers, and their flooding will
lead to relatively lower oil recaveries thah, other layers. Areal continuity of the pay
zone is also a prerequisite for successful v@é‘i;ﬂooding project. Isolated lenses may be
effectively depleted by a single-well comp’}eﬁbn, but a flood mechanism requires that
both the injector and_producer be present in the lens.-Breaks in pay continuity and
reservoir anisotropy caused by depositional conditions. fractures or faulting need to be

identified and described before determining the proper-well spacing and suitable flood

pattern orientation.
3.5.2 Optimum time to water flood

The most common'procedure for determining the optimum timeé.to start water flooding

is to calculate:

e Anticipated oil recovery

e Fluid production rates

e Monetary investment

e Availability and quality of injection water

e Costs of water treatment and pumping equipment
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e Costs of maintenance and operation of the water installation facilities
e Costs of drilling new injection wells or converting existing production wells

into injectors

These calculations must be performed for several assumed times and the net income for
each case must be determined. The scenario that maximizes the profit and perhaps
meets the operator’s desirable goal is selected. Cole (1969) lists the following factors
as being important when determining the jsreservoir pressure (or time) to initiate a

secondary recovery project:
1) Reservoir oil viscosity

Water injection should besinitiated before the reservoir pressure reaches its bubble
point pressure since #he oil viScosity reaches its minimum value at this pressure. The
mobility of the oil will'increase with de:cfeasing oil viscosity, which in turn improves
the displacement efficiency:.

2) Cost of injection equipmernt

This is related to reservoir pressure. For depleted reservoir pressure, the cost of
injection equipment increases.  Therefore, a relatively higher reservoir pressure at

initiation of injection-is desirable.

3) Productivity of producing wells

A high reservoir pressure is desirable to increase the productivity of producing wells,
which prelongs, the, flowingperiod|of the wells, decreases lifting,cost and may shorten

the overall life of the project.
4) Effect of delaying investment

Delay in water injection usually reduces the benefit of water injection. As the reservoir
pressure drops below the bubble point pressure, water injection becomes less effective.
So, it is more effective to initiate water injection at early production period to get

maximum benefit of water injection.
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5) Opverall life of the reservoir

Because operating expenses are an important part of total project costs, the fluid

injection process should be started as early as possible.
3.5.3 Water injection patterns

Due to the fact that oil leases are divided into square miles and quarter square miles,
fields are developed in a very regular pattern. A wide variety of injection-production
well arrangements have been used in injectionsprojects. The most common patterns, as

shown in Figures , are the following:

1. Direct line drive. The 'linés of injection and production are directly opposed to
each other. The pattern is‘Characterized by two parameters: a = distance between wells

of the same type, and d =distance between lines of injectors and producers.

2. Staggered line driye. The wells aréj,- in'lines as in the direct line, but the injectors
and producers are no longer directly opﬁo__sed but laterally displaced by a distance of
a/2. 7/

Figure 3.8: Water injection patterns,

3. Five spot. This is a special case of the staggered line drive'in which the distance
between all like wells is comstant; i, a'= 2d. Any four injeetion_wells thus form a

square with a production well at the center.
4  Seven spot. The injection wells are located at the corner of a hexagon with a

production well at its center.

5 Nine spot. This pattern is similar to that of the five spot but with an extra injection

well drilled at the middle of each side of the square. The pattern essentially
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contains eight injectors surrounding one producer. The patterns termed inverted
have only one injection well per pattern. This is the difference between normal and
inverted well arrangements. Note that the four-spot and inverted seven-spot

patterns are identical.

6 Crestal and basal injection patterns. In crestal injection, as the name implies, the
injection is through wells located at the top of the structure. Gas injection projects
typically use a crestal injection pattern. In basal injection, the fluid is injected at the
bottom of the structure. Many water-injection projects use basal injection patterns
with additional benefits-being gained fromgravity segregation. A schematic

illustration of the two pattétas is shown in Figure 3.9.

(Gas
mjection
well

Watermypectdriwell

Figurel3.9: Well arrangemeiit for dipping reservoirs

3.6 Gas'injection

Gas injection pressure maintenance operations are generally classified into two distinct
types depending on where in the reservoir, relative to the oil zone, the gas is
introduced. Basically the same physical principles of oil displacement apply to either
type of operation. However, the analytical procedures for predicting reservoir
performance, the overall objectives and the field applications of each type of operation

may vary considerably.
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3.6.1 Types of gas injection
3.6.1.1 Dispersed gas injection

Dispersed gas injection operations, frequently referred to as internal or pattern
injection, normally use some geometric arrangement of injection wells for the purpose
of uniformly distributing the injected gas throughout the oil productive portions of the
reservoir. In practice, injection-well/production-well arrays vary from the conventional
regular pattern configurations (e.g. five-spot, seven-spot, nine-spot) to patterns
seemingly haphazard in arrangement with telatively little uniformity over the injection
area. The selection of an injection arrangement is usually based on considerations of
reservoir configurationswith _sespect to structure, sand continuity, permeability and
porosity variations and the number a}nd relative positions of existing wells. This
method of injection has been found adaptable to rescrvoirs having low structural relief
and to relatively homogenous reservoirs;h:awing low permeabilities. Because of greater
injection well density, dispersed gas injécfion provides rapid pressure and production
response, thereby reducing the time ne;'c__ess,ary to deplete the reservoir. Dispersed
injection can be used where an entire reseﬁ(zoir 1s not under one ownership, particularly
if the reservoir cannot be conveniently ugltfzed Some limitations to dispersed gas

injection are: - =

e Little or no dmprovement in recovery efficiency is derived from structural
position or gravity drainage.

e Arecal sweep efficiencies are generally lower that for external gas injection
operations,

e QGas fingering caused by high flow velocities generally tends to reduce the
recovery Gificieriey over that'which could)be/expected diom external injection,
and

e Higher injection well density contributes to greater installation and operating
costs.

3.6.1.2 External gas injection

External gas injection operations frequently referred to as crestal or gas cap injection,
use injection wells in the structurally higher positions of the reservoir, usually in the

primary or secondary gas cap. This manner of injection is generally employed in
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reservoirs having sufficient structural relief and average to high specific permeabilities.
Injections wells are positioned to provide good areal distribution of the injected gas and
to obtain maximum benefit of gravity drainage. The number of injection wells
required for a specific reservoir will generally depend on the injectivity of each well
and the number of wells adequate to obtain areal distribution. External injection is
generally considered superior to dispersed type injection since full advantage can
usually be obtained from gravity drainage benefits. In addition, external injection
ordinarily will result in greater areal sweepsand conformance efficiencies than will

similar dispersed injection operations.

3.7 Design of experiments

The objective of this.stidy is to optimize the oil recovery from an oil rim reservoir by
studying the effect of parameters that iﬂﬂqence o1l recovery. The parameters that could
affect the oil recoveryin an oi rnm céﬁ be of static or dynamic nature. The static
uncertainties were taken/into account during geologic model construction, and impact
of each parameter on OOQIP ‘'was also sﬁl__di_ed. Therefore, the dynamic simulation is
performed using dynamic flow parameters and is therefore termed as level one design

of experiment (DoE) workflow.

In this workflow, simulation runs are first made to-see the impact of different dynamic
parameters like oil Fate;~drawdownpressure-and-gas 01l ratio limit. Results from
experimental design are then used to see the impact of different parameters on the oil
recovery. After understanding the impact of each parameter on oil recovery, a range of
multiple Monté-Carlo jiterationspare mun-ons these~parameters to optimize the oil
recovery. These are "called optimization runs. ‘A" commercial simulator is used to

perform all these activities.
3.7.1 Concept of fractional factorial designs at 2 levels — basic idea

In many cases, it is sufficient to consider the factors affecting the production process at
two levels. For example, the temperature for a chemical process may either be set a
little higher or a little lower, the amount of solvent in a dyestuff manufacturing process
can either be slightly increased or decreased, etc. The experimenter would like to
determine whether any of these changes affect the results of the production process.

The most intuitive approach to study these factors would be to vary the factors of
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interest in a full factorial design, that is, to try all possible combinations of settings.
This would work fine, except that the number of necessary runs in the experiment
(observations) will increase exponentially. For example, if you want to study 7 factors,
the necessary number of runs in the experiment would be 2**7 = 128. To study 10
factors you would need 2**10 = 1,024 runs in the experiment. Because each run may
require time-consuming and costly setting and resetting of machinery, it is often not
feasible to require that many different production runs for the experiment. In these
conditions, fractional factorials are used that “sacrifice" interaction effects so that main

effects may still be computed correctly.
J
3.7.2 Generating the design

A technical description of how fractioilal factorial designs are constructed is beyond
the scope of this .ntroduction. ﬁDet’mail‘ed accounts. of how to design 2**(k-p)
experiments can be found,for exdfnple:i}l Bayne and Rubin (1986), Box and Draper
(1987), Box, Hunter, and Himter (1978),: Montgomery (1991), Daniel (1976), Deming
and Morgan (1993), Masen, Gunst and Hess (1989), or Ryan (1989), to name only a
few of the many text books on ihis subjeé-t._ln general, it will successively "use" the
highest-order interactions to géﬁérate ne\%/_“_;:f‘é%tors. For example, consider Table 3.1
which shows design that includes 11 factolrﬁziﬁﬁtfequires only 16 runs (observations).

Table 3;_1 : Example of fractional factorial-design

Design:) 2% #(1127)sRésalution LT
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11 -1 1 -1 1 1 -1 1 -1 1 -1 1
12 -1 1 -1 ] -1 1 1 -1 1 -1 ] -1 1
13 -1 ] -1 1 1 1 -1 -1 1 1 1 -1
14 | -1 ] -1 1 -1 1 1 1 -1 ] -1 1 -1
15 -1 -1 ] -1 1 -1 1 1 1 -1 1 1
16 -1 (-1 -1 ¢-1-11]-17]-11]-1 1 1 1

3.7.3 Reading the design

The design displayed in Table 3.1 should be interpreted as follows. Each column
contains +1's or -1's to indicate the setting of the respective factor (high or low,
respectively). So for example,in the first run of the experiment, set all factors A4
through K to the plusssettiag (€.g.. a little higher than before); in the second run, set
factors 4, B, and C torthe positive settil_ng’_, factor D to the negative setting, and so on.
Note that there are numerous optiéns pf_obided to display (and save) the design using
notation other than +/ o denote facto"i: settings. For example, you may use actual
values of factors (e.g., 90 degrees ‘.Celsiu;sd."gn(_i 100 degrees Celsius) or text labels (Low

temperature, High temperature). ... IR

3.7.4 Randomizing the runs —

A B a

Because many other, things rri’e-ly change from productigni run to production run, it is

always a good pra{:t_i;ce to randomize the order in which §ystematic runs of the designs

are performed.
3.7.5 The concept ofdesign resolution

The design in Table 3.1 i§ described as a 2*%(11-7) designof resolution 111 (three).
This means that we study overallik = [/ factets (the first number in parentheses);
however, p\= 7 of those factots (the second number in parentheses) were generated
from the interactions of a full 2**[(11-7) = 4] factorial design. As a result, the design
does not give full resolution; that is, there are certain interaction effects that are
confounded with (identical to) other effects. In general, a design of resolution R is one
where no /-way interactions are confounded with any other interaction of order less
than R-/. In the current example, R is equal to 3. Here, no / = 1 level interactions (i.e.,
main effects) are confounded with any other interaction of order less than R-/ = 3-1 =

2. Thus, main effects in this design are confounded with two- way interactions; and
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consequently, all higher-order interactions are equally confounded. If we had included
64 runs, and generated a 2**(11-5) design, the resultant resolution would have been R
= [V (four). We would have concluded that no /=1-way interaction (main effect) is
confounded with any other interaction of order less than R-/ = 4-1 = 3. In this design
then, main effects are not confounded with two-way interactions, but only with three-
way interactions. What about the two-way interactions? No /=2-way interaction is
confounded with any other 1nteract10£ wer less than R-/ = 4-2 = 2. Thus, the two-

way interactions in that design are c‘b with each other.

2
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Figure 3.10: Diagnostic plot of residuals

The parameter estimates and ANOVA table are based on the assumption that the
residuals are normally distributed. The histogram provides one way to check (visually)
whether this assumption holds. The so-called normal probability plot is another

common tool to assess how closely a set of observed values (residuals in this case)
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follows a theoretical distribution. In this plot, the actual residual values are plotted
along the horizontal X-axis; the vertical Y-axis shows the expected normal values for
the respective values, after they were rank-ordered. If all values fall onto a straight line,

then we can be satisfied that the residuals follow the normal distribution.

3.7.6.2 Pareto chart of effects

The Pareto chart of effects is ofte \e!# tool for communicating the results of an
experiment, in particular ‘!% 1s an example of Pareto chart of

effects.

A PARETOF S T GE P ree O i i: Vasinble !!lrl'|'||II'HI-I:i;
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In this graph, the ANOVA.effect estimates,are sorted from the largest absolute value to

the smallest ﬂ %Hh@ % E}éﬂu@ Wz&lj '?feﬂ "jepresented by & column,

and often, a liflé going across the Céplumns 1nd1cates how large an effect has to be (i.e.,

o QRSN 1R B

3.7.6.3 Normal probability plot of effects

Another useful, albeit more technical summary graph, is the normal probability plot of
the estimates. As in the normal probability plot of the residuals, first the effect
estimates are rank ordered, and then a normal z score is computed based on the
assumption that the estimates are normally distributed. This z score is plotted on the Y-

axis; the observed estimates are plotted on the X-axis (as shown in Figure 3.12).



AU INENTNYINS
PRIAATUAMINYAE

35



CHAPTER IV

MODEL CONSTRUCTION

4.1 Reservoir overview

The reservoir under study is in an offshore field in GOT with an average volume. The reservoir
selected for this study is a saturated reservoir at average depth of 6,000 ft TVDSS. The reservoir
has an original gas cap with strong aquifewsupport. The reservoir was discovered by drilling six
deviated wells within a single fault b}ock. Theweservoir is an elongated structure, and wells
were targeted to penetrate.the teservoir closer to the fault. The objective was to remain as updip
as possible to avoid drilling into the wet zone or aquifer. By doing this, a few wells also
penetrate the gas cap. Fhe most down&ip well W-01 determines the original oil water contact
(OOWC) of the field ay6,662 ft TVDSjS_;.The most updip well drilled is W-05 penetrated most
of the gas cap. The original gas oil contéti}:t (OGOC) was found at 6,599 ft TVDSS. RFT survey
was run in most of the wells. The opé_r_ij_l_lq_le well logs and RFT are in close agreement in

defining the limits of the'field in terms ofoQWC and OGOC.

#e a2 A d
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4.1.1 Reservoir map

The depth structure map of the field is shown in Figure 4.1.

AULINY!
ARIAIN TN

Figure 4.1: Structure map of the field
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4.1.2 OOIP estimation

The volumetric original oil in place (OOIP) for this reservoir is shown in Table
4.1. The map shown in Figure 4.1 is used to estimate the OOIP of the reservoir. A
number of realizations using EVOL option in GoCAD earth modeling software
are run to estimate OOIP. The P10, P50 and P90 OOIP estimated are 1.35
MMSTB, 1.88 MMSTB and 2.47 MMSTB, respectively.

Table 4.1: Reservoir vo
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4.1.3 Aquifer and gas cap size

The reservoir contains a strong aquifer support and a gas cap at original reservoir
conditions. The size of the aquifer is 6.6 times larger than that of oil reservoir. The
OOIP in the model is 1.58 MMSTB as compared to 1.87 MMSTB in P50 case of
volumetric estimation. This is due to the fact that the model is initialized using
single value of S,; as compared to volumetric where Sy; has different value at
each grid cell. The gas cap has 0.85 BCF gas in place as compared to 1.58
MMSTB oil in place in simulation /model. The pore volume for gas is 33
MMBBLS as compared to 4.2 MMBBLS pore volume for oil. Therefore the value

for m is 8 for this reservoir.

The simulation outputfile for fluids itn place is shown below.

i -

R AR s R R R R R R R R R R R AR R R R R R R R R R AR R R R R AR R R R R AR

CRIGIMAL MASS Iy PLACE \ TN\ SURFACE UNITS
SHEFACGE fu’ALUEEr}GB’_IAINED BY FLASHING

EESEEWOIR FLUTDSCAT FIELDS SEPARATOR CONDITIONS

:-r:-rx:-r:-:**:-r:r:-rw#ir#-r##‘ﬁfi}-t_ﬁxx'ﬁ*xxxxﬁxxﬁxxﬁxxﬁxxﬁxxﬁx

J | Cuind a2 h
MATERTAL —

BALANCE PGRAE- ZvDRCCARBON HYDROCARBON
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4.2'Simulation model overview

4.2.1 Model description
The simulator used to perform this study is CHEARS which is Chevron
proprietary simulator. It is a complete simulator having all the capabilities of a
commercial simulator like Eclipse or VIP. The formulation used for this study is a

black oil simulation. The following are the model dimensions

Grid size =150x 150 ft
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Model size =44 x 124 x40
= 218,240 total cells
No of active cells =119,000

4.2.2 Model initialization

OWC is obtained from the RET _"=‘ ‘ Itiple wells (Figures 4.2). The value
for RSRLINIT (solution GOR) ] t the required GOC seen in the
SRFT logs. The RSRTINEE value i m‘co match the observed and

oOwWC
GOC
Simulation Model OOIP

OGIP

ﬂ‘lJEJ’JVIEJVIﬁWEJ’]ﬂ‘i
Q‘W%Nﬂ‘im UA1AINYAY
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4.2.2.1 P0I0s1ty and permeablllty dlstrlbuty_m

".—! — a’
The porosny"a{nd permeability distribution for _ﬁTé reservoir in the model is

shown in Flgurcls 4.3a and 4.3b. The y-dlrectlen permeability is same as x-
direction permeablhfy The 7= dlrectlon permeablhty 18 0 1 times the horizontal

or Xx- dlrectlbn permealblllt ) 1 :@';z. AlS | !
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Figur 433P sity map Figure 4.3b: Permeability
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The porosity map shows most of the reservoir has homogenous porosity with
exception at the crest of the structure where the porosity is high due to better

reservoir quality. Also from the cross-section shown in Figure 4.4, the porosity

POROS N T .

0.0000 0.0425 0.0850 0.1275 0.1700

W-05 W-06

Low porosity
Zone

[«

1s low in the!
Figure 4.4: Cross-secti wing porosi@iistribution near wells.

ﬂ‘lJEJ'J‘ﬂEW]‘ﬁWEJ’]ﬂ‘i

For pe eablhty k), a po’nosny permeablhty (o-k) transform is used to

oplilate tio|pehcabiliey rid]in e ’}lcﬁ %jﬂpﬁbﬂn}y areas reflect

high porosity areas of the reservoir.
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¥ f'l"-r I
...... y histogram and CDF
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Permeability statistics for the

Total number cﬁ;ells =1

e BUEINANINYINS
RN TNNNINGAY

Mean = 269

Median =219
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4.2.2.2 Fluid contacts

As discussed before, the limits of the reservoir are defined by the original oil-water
and gas-oil contacts. The open hole logs and RFT data from most downdip and updip
wells are used to confirm the GOC and OWC limits of the reservoir. The RFT
pressure data provides good fluid gradients, and the fluid contacts obtained from RFT
pressure data is in close agreement with the open hole log contacts. The RFT pressure
W-01, W-03 and W-05 are shown in
RFT but W-03 log GOC matches

data and open hole log interpreta
Figure 4.7. The GOC in W-05 AN

very well with RFT data. The reasor ittle bit off may be due to some

o@V-

depth error caused by-=eonversion of measu ne vertical depth. The depth

\\ nalysis
\ T Analy

500 s20.00 057500 6 25,08 0 "-., Ga500 |

# -

6380.0

£560.0 -+ — - "8 il LN LN N walm | wells | well-01

ol fRadlent 0,22 psifht

) \ Y ! ) v
ﬂ qﬂ i‘: , I.
=B Sesas . ———————-v"—.——;\-————i\-—-t— "

) s #.

qlpw]: @ E662"tudss from BEWX-01
& v=aomm . B33

Figure 4.7: Multiwell RFT plots to estimate the original fluid contacts.
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4.2.2.3 PVT data

The oil and gas PVT tables used in the simulation model are shown in Tables 4.1 and 4.2
respectively. The oil gravity is 38.6 deg API which tells that the oil is light. The oil and gas
PVT tables are derived using actual bottom hole samples of exploration wells drilled earlier in
the same basin. The solution GOR at initial reservoir conditions is about 650 scf/bbl, which
also indicates that the oil is light. For this study, it is decided to use these PVT tables as the
oil produced from this reservoir is almost of samg API and is analogous to the oil sample used
to generate these PVT tables. The following oil.preperties corresponding to each pressure are

used in Table 4.2 J

FVF: oil formationwolume factor

‘1
VISC: oil viscosity _
RS: solutiongas oil ratig at corresponding pressure

_ \ 4

COMPR: oil compressibility =
DVIS: change in oil wiscosity with:-'pé‘S«pect to pressure at corresponding solution
GOR S 2220

" Table 4.2: Oil PVT data

Oil API Gravity = 38.6 deg API

PRESSURE FVF VISC RS COMPR DVIS
(psia) (rbb1l /STB) (cp) (SCE/STB) (1/psi) (1/psi)
200.0 1.1266 0.373 32.65 1.4864E-04 6.9497E-05
400.0 1.1443 0.364 70.18 7.9024E-05 6.9722E-05
600 .6 1.7642 0. 353 11Y.64 5. @4L49E-05 7.0025E-05
800 10 1.1859 01340 155.95 41, 4891E-05 7.0400E-05
1000.0 1.2091 0.326 202.53 3.8250E-05 7.0841E-05
1200.0 1.2337 0.312 251.03 3.3903E-05 7.1344E-05
1400.0 1.2595 0.298 301.18 3.0857E-05 7.1903E-05
1600.0 1.2865 0.283 352.80 2.8618E-05 7.2512E-05
1800.0 1.3146 0.269 405.74 2.6914E-05 7.3165E-05
2000.0 1.3438 0.256 459.88 2.5581E-05 7.3856E-05
2200.0 1.3740 0.244 515.13 2.4515E-05 7.4579E-05
2400.0 1.4051 0.232 571.40 2.3649E-05 7.5326E-05
2600.0 1.4371 0.221 628.64 2.2934E-05 7.6090E-05
2800.0 1.4701 0.211 686.78 2.2337E-05 7.6864E-05
3000.0 1.5038 0.202 745.76 2.1835E-05 7.7640E-05
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Similarly for gas the properties used in Table 4.3 for each pressure are:
FVF: gas formation volume factor for each pressure

VISC: gas viscosity for each pressure

PRESSURE

(psia)
200.
400.
600.
800.
1000.
1200.
1400.
1600.
1800.
2000.
2200.
2400.
2600.
2800.
3000.

0
0
0
0
0
0
0
0
0
0
0
0
0
0

AULIPUNTNEADS, .
T T A A

shows that there is some lateral variation in Sy, versus depth. This is mainly due to
presence of some poor reservoir within the sand body. But overall, the sand looks
clean and we can see a consistent trend in Sy, values with depth. The well W-01 in
Figure 4.8 shows relatively higher S,, values as compared to other wells. This is

because this is the most downdip well penetrated in the reservoir and closer to the oil-

water contact.



50

Depth vs Sw Plot
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Figure 4.8: Dept Eg ; open hole logs.
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Figure 4.9 shows plot of J-Functio lnctio fj'j‘ eyword is used in Chears to

show that J-Function will bf used to initialize water saturations in the model. The following

formula is usedﬂ wg?ﬂ%‘?ﬂﬂ ’] ﬂ i

e & W AINTUNIINNAY

J = Leverett’s J-function
Pc = capillary pressure, psi

= interfacial tension, dynes/cm
© = contact angle, degrees

@ = porosity
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A saturation model developed in excel is used to construct J-function curve using actual S,,
values from log as shown in Figure 4.9. The J-function versus S,, curve in Figure 4.9 shows
that the reservoir has sharp contact with little transition interval. This also corresponds to the

good porosity and quality of the reservoir under study.

Figure 4.10 shows the relative permeability curves used in the simulation model. Like PVT

data, the relative permeability curves are used from SCAL of an exploration well.
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4.2.2.5 RFT'press

T pressures from the wells. All the
\

wells drilled in this reservoir were found original reservoir pressure. The RFT

£ .w;'?u" :
¢ Figure 4:11. 4.12 and Figure 4.13. The red dots

pressure match is shown in

in the plot are the o& d pressuie points fioim a 75—\«‘\ log and the green line is

the simulated pressu very reasonable match is

V . U
obtained between actl‘lm and simulated RFT pressures. ﬁs gives good confidence on

model initializalo.[éog f‘j N %JWEJ’]ﬂi R

AR AN IWHNIN
“| f

~l \

¥

6675

DEPTH

6683500 I 2550 I 2600 I 2650 I 2700 I 2750 I 2800
PRESSURE

Figure 4.11: RFT match for Well-01.
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4.3 Well constralpts
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A minimum BHP value of 1450 psia’is assigned to, all the wells. This is based on the

o ) B SFS A BBE 8nini

to 1450 psia.

A lower BHP constraint for horizontal well is however used in the model. This is due to the
fact that the lowest gas lift mandrel (orifice) can be set much deeper and closer to the
producing reservoir in horizontal wells as compared to deviated wells. In deviated wells, there
are multiple reservoirs to be produced and hence the 7” casing could not be set deeper than
the top of shallowest reservoir. In the example field, the 6000 ft ss reservoir is not the

shallowest reservoir and therefore the BHP constraint for deviated wells is higher than the
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horizontal well in the model. The minimum BHP constraint used for horizontal wells is 1300

psia.

The maximum oil production rate (OPR) for all the deviated wells in the field are restricted to
500 BOPD for each well. This is based on the properties of reservoir and experience gained
from the production performance of deviated wells from similar kind of reservoir and well

completion in the basin.

t that all the wells are completed with

fted from the wellbore easily.
—

R
{l

AU INENTNYINS
RINNIUUNIININY



CHAPTER V

RESULTS AND DISCUSSION

5.1 Base case scenario

5.1.1 Base case definition '
S\

The base case scenario is as

deviated wells. The locatidm wells a@n reservoir overview section of
c‘ S sceﬁ@ no completion optimization

\\Servo\&n penetrated by the wellbore
1% 3

ervoir is produced from existing

this report in Figure 4.1

done. The wells are p

as shown in Figure 5.

Figure 5.1: Perforations throughout the reservoir section.



56

5.1.2 Base case recoveries

Base case scenario is in which all the deviated wells penetrating the reservoir are
producing. The wells are completed throughout the reservoir section and no
completion optimization is done. The well constraints discussed in Section 4.3 are
applied for all the wells. It should be noted that all wells in the reservoir are
completed with gas lift completion with a bottom hole pressure constraint of 1450
psia. The wells completed in this reservoir also penetrated other reservoirs shallower
than this reservoir. Therefore, the bottom mest.gas lift valve (orifice) is set above the
shallowest reservoir penetrated which isinot the 6100 reservoir studies in this project.
So, the BHP constraint=of 1450 psia takes into aceount this factor. For horizontal
wells studies in later seétions‘ofthis prOJ;ect, the BHP limit is further reduced to 1300
psia. A pressure reduction of 150 psia for horizontal wells is due to the fact that the

bottom most gas lift valve (ofifice) can be. s'et just above the 6100 reservoir.

There is also a gas oilfratio (GOR) limit_ of 3000 secf/bbl applied as well limit or
constraint. The reasons for applyihg GOR: limit ate to conserve reservoir energy,
avoid substantial gas expansion and oil éiﬁegl_ring into gas cap, and comply with

facility constraints for gas handling:

The result from base case scenario is shown from Fisure.5.2 to Figure 5.6. Figure 5.2
shows the oil production profile of all the deviated wells. Note that wells W-01, W-05
and W-06 do not produce in the base case scenario. This is because W-01 penetrates
most of the water zone. .The' completion is-not, optimized.in this case, and therefore,
the water starts producing at very'high water'cutland exceeds the water cut limit of
90% right from the beginning of pfoduction. Well, W-05 is completed mostly in the
gas zone and reaches the maximum GOR limit at.very early stage of production and
therefore, cannot produce any oil. Well W-06 also could not produce any oil as most
of the perforations in W-06 covers water zone. The reservoir quality near W-06 is

poor as shown in the cross-section in Figure 4.4.

From Figures 5.3 and 5.4, it is clear that wells W-02, W-03 and W-04 seize flowing
after reaching maximum GOR limit of 3000 scf/bbl. None of the wells reach the water
cut constraint of 90% before they stop flowing. This is because gas coning is more

pronounced in all these deviated wells as compared to water coning. The gas being
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more mobile than water hits the wells very early and shows a very sharp incline in
GOR trend as compared to water cut trend. This trend is also very evident in the field

GOR and water cut trends shown in Figure 5.5.

The gas and water coning phenomena is also shown in the figures 5.7 and 5.8. Figure
5.8 shows the relative movement of original GOC and OWC. Note that both water
coning and gas coning is more pronounced around wells W-02, W-03 and W-04 as

-06 are drilled and are not producing.

)andonment conditions.
4

Figure 5.9 shows the ove over fr@case scenario which is 11.6%

compared to areas where wells

This also highlights overall

\

for primary depletion.
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Figure 5.2: Oil production rate for six producers — base case.
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Figure 5.8: Oil and gas contact movement due to gas and water coning.
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-

In this case, the J;o yptimized as shown in Figure
5.10. Well completloxﬁpti s \mOl W-03, W-04, W-05 and

W-06. No completion oRtlmlza‘uon is requl ed for W-02 as the well penetrates the oil

column only. ﬁeﬁﬁﬂoﬂﬂaﬂl%ﬁw Enj Gﬂ ﬂd"jeduce or minimize the

gas and water coning. Perforations i 1n the gas zone in wells W-03, W-04 and W-05 are

o TN T e e
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W-05

W01

Closed perfs

5.2.2 Impact of di fere'ntvarlablés:o,n ml'recovery DoE runs

Multiple DoE runs (DoE theory"explamed IﬂSet'tlon 2.2) }Nere made to see the impact

of initial productloh reservoir. The variables

..;g,

selected for DoE runs-'cfre dynamic variables, and hence the workflow is called one
level DoE workflow. The other level of DoE could be performed on static properties
of the model. Itsisrassumed-for thig project:thatithere is,goedsconfidence on the static

properties of the model.:"The dynamic variables selected are:

I = ‘Initial production’rate *
II.  Bottom hole drawdown pressure

III. Maximum GOR limit

The simulation results for experimental design are shown in Figures 5.11 to 5.14.
Figures 5.11 and 5.12 show Pareto and Tornado charts to see the impact of different
variables on oil recovery. Both these charts show that there is minimum impact of
production rates on the oil recovery factor. Maximum GOR limit has the maximum

impact on the oil recovery. This is because in an oil rim, gas production starts from

W-DE
5]
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very beginning of production and the wells produces for longer time with increase
GOR limit and shut in earlier with smaller GOR by reaching the maximum GOR limit
earlier. The drawdown pressure can also be related to the oil production as usually the
drawdown is controlled by the surface rates. In the simulation runs they are taken as

two separate controlling factors.

admstn MAXGOR = Maximum GOR limit

E o

Figure 5.11: F ; chart impact of different variables on oil

recovery.

MAXGOR = Maximum GOR limit

ALY ANYNT WY Foorirsmrcrescn

f — o
PTAINIUNAINY A Y

OPC:FIELD:10-DEC-2013

Bl Hgh

Figure 5.12: Tornado chart for impact of different variables on oil

recovery.

MAXDDP =Maximum drawdown pressure

MAXOIL = Maximum oil production rate

MAXDDP =Maximum drawdown pressure
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In Figures 5.13 and 5.14, the relationship between these dynamic variables and oil
recovery is shown. Figure 5.13 shows that the oil recovery increases with increase in
drawdown up to some value of drawdown, after which the oil recovery starts
decreasing with further increase in drawdown. This is due to the fact that after
reaching certain drawdown, the gas coning becomes so dominant that the limiting
GOR value is achieved very early in the production period. This might not be the case
in an undersaturated reservoir with lo bble point pressure where more drawdown
will increase the oil productio N%W ase in GOR till the bubble point is
reached. The only concern, in an un 1 er sa 01r with increase in drawdown

pressure would be wateiigg.—‘ 5111

Figure 5.14 shows in
there is no producti

achieved by allowing t

Deviated Wells ED
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Figure 5.13: Effect of drawdown pressure on oil production cumulative (OPC).
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= optimizza)n runs

After the 1 ﬂrﬁsadﬂ ﬂﬁ!ﬂj lﬂ(jry had been studied,
optimization nﬂ n ea ble discussed in Table
5.1 are used in the simulation run§ to achieve e o ﬁtlmlzed combination of these

pramdies e Kbk o rd b o i1 10521

In optlmlzatlon runs, different combinations for the above mentioned parameters

5.2.3 DeviatQ wells op

were used to generate multiple profiles. The best combination in terms of maximum
oil recovery will then be selected as optimized case for development wells. Figure
5.15 shows the oil production profiles for optimization runs. It can be noted that at
certain point in time, the rates from all the runs tends to merge. After this time the oil

production rate becomes too low to be economical. Also, the rate of change in oil
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cumulative is very little. Therefore, a time cutoff is applied at 750 days, and oil

recovery till that time will be compared to select the most optimized case.

Table 5.1: Description of optimization cases — deviated wells

Fun Laksl MAXDIL | MAXDDOP | MAXGOR

DEY_WELLS OFT_R

,_.
P
g

EV_WELLS OFT Run_2_2 | 800 w1
o ]

IH 3BV INENT

DEV_WE LLS_DF'T_H‘U n_z_6

o),

YR
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Figure 5.16 shows thaeﬁ—pfedﬁeﬁefreﬁﬁm}&ﬁveat—?é@fiays for different combination
of variables. The be‘s:cf recovery for this case is achieved"-;:t drawdown pressure of 15
psi with GOR of 3000 scf/bbl with maximum field oil rate of 2250 bbl/day. The
optimized case for; deviated, wellsgprimary-recovery givesiasrecovery factor (RF) of

15% (Figure 5.16).
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FIELD Case 1_8 Case1_2

Cases in Table 5.1 800 bopd 800 bopd
15 psi DDP 10 psi DDP
0s 3000 GOR 3000 GOR

Optimum,Cases 1_8 & 1_2

\
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Figure 5.16: Hield sil tecovel optimization runs.
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The oil rate ;j“'f"fw‘t“f‘fm*ﬁ_‘? ut ¢ 5.17. The maximum oil

rate for each timum recovery case and

e e
Q bopd. It shoul(Talso be noted ﬁz wells W-01 and W-05 are
not pr . ﬂe(jayr iﬁﬁlln in the OWC and W-
05 mo Cﬁu tes the cap. e Is ot produced to minimize
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The GOR and water cut trends for hown in Figures 5.18 and

5.19. It can be sce that—as—the—production—rates w‘ drawdown pressures are
increased, the water anc g s coning S @because at higher drawdown

pressures and higher proic.hﬁion rates, the ;iitical rate. or coning is achieved earlier.
This will decr 1 1 ATMg water cut and GOR
constraints eaﬂﬁﬂegﬁafﬂjpﬁgjﬂs n gas and water coning is
iuustray:ld ﬁﬁjraséo ﬁm%aj o o/
ANTINEINE

At the same time, the wells produce more oil in the initial phase of production with
increased drawdown and rates. Multiple combinations of drawdown pressures,
production rates and GOR constraints are run to estimate the most optimum
combination to give optimum recovery. Cases 1 _8 and 1 2 are the best cases in terms
of oil recovery. But when we looked at the cumulative gas and water produced in

Figure 5.22, case 1 2 has produced less cumulative gas and water. Also from Figure

5.23, more reservoir energy is lost in case 1 8 as compared to case 1_2. So with less
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water and gas produced and conservation of reservoir energy case 1 _2 is the optimum
case for deviated wells. From Table 5.1, case 1 2 is when maximum oil rate for each
well is 400 bopd, maximum GOR limit is 3000 scf/bbl and maximum pressure

drawdown limit is 10 psi.
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Figure 5.19: Water cut trend for all producers.
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Figure 5.21: Water coning at different oil rates and drawdown.
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Figure 5.23: Reservoir pressure profiles for Cases 1 8 and 1_2.
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5.3 Horizontal well recovery optimization

In this section, oil recovery from horizontal well will be discussed. All the deviated
wells will remain shut-in. The location of horizontal well in the field is selected based
on good porosity and permeability zone. Only one horizontal well is used for this
model, as there is not enough OOIP to economically justify another horizontal well.
Obviously two horizontal wells will give a better recovery as compared to one
horizontal well, but all the deviated wells ae already been drilled to delineate the
reservoir. The deviated wells also penetrate other reservoirs in the field, so therefore,
a horizontal well will be justified if it gives more recovery as compared to all existing
deviated wells. In that case; the deviated wells will be utilized to produce from other

penetrated reservoirs. FP/mp(ann of the horizontal well W-07H is shown in Figure

5.24 / .
For horizontal well, lo :l/g{ df reﬁnemen (LGR) is built'in the area of the horizontal

well (see Figure 5.25). GR 1s‘d0neatto capture the gas and water coning effect

more precisely. Especiallyin the cases Where “horizontal well is located very close to

GOC or OWC, there are Vepy few cells separa‘t;ng the contact and the horizontal well.

With this LGR, the number of ceH‘s betwea;’ the contacts and the horizontal well are

-
-..“

increased. This will eglmlnate any chance of artificial comng due to well located in a

cell next to the contac}‘.’ The LGR constructed in the mod_e'l_ i shown in Figure 5.25.

SATURATIONS WARR SATURATIONS

GAS oL
Y /?\

2000
4000
6000

8000 IR TR L I R R
4000 -2000 0 2000 4000 6000
X
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GAS oL

Figure 5.24: Plan and 3-d view showing location of horizontal well.
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(_msﬁ'uc‘géd}o study horizontal well performance.
i
runs

Multiple DoE runs (DoE theo_ry‘!ex:_glained @“.S@‘cnon 2.2) were made to see the impact

of initial productionjétes on the overall recovery of the hﬁrjzontal well. The variables

selected for DoE ruﬁ’sépe dynamic variables. The follovﬁf@l variables which are:

Yo

1. Initial prgduction rate
11 Bottém hole drawdown préssure
1il. Maximum GOR limit

The simulation results for experimental design are shown in Figures 5.26 to 5.29.
Figures 5.26 and 5.27 show Pareto and Tornado charts to see the impact of different
variables on horizontal well oil recovery. Both charts show that there is minimum
impact of production rate on the oil recovery factor. Maximum GOR limit has the
maximum impact on the oil recovery. This is because, in an oil rim, gas production
starts from very beginning, and the wells produces for longer time with increased
GOR limit and is shut in earlier with decreased GOR limit due to reaching the

maximum GOR limit earlier. The drawdown pressure can also be related to the oil
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production as usually the drawdown is controlled by controlling the surface rate. In
the simulation runs, they are taken as two separate controlling factors. It is also noted
from these DoE runs that unlike in deviated wells case, horizontal well recovery is

less affected by drawdown pressure.

MAXGOR = Maximum GOR limit
MAXDDP =Maximum drawdown pressure

MAXOIL = Maximum oil production rate

Figure 5.26: reto- che impact of different variables on oil

recovery.

MAXGOR = Maximum GOR limit
MAXDDP =Maximum drawdown pressure

MAXOIL = Maximum oil production rate

il

:

| LI I I L L N B L N L L B N L L L L B L O B B B B |
220,000 230,000 240,000 250,000 280,000 270,000 280,000 290,000 300,000
OPC:FIELD:10-DEC-2013

Blicw - iigh

Figure 5.27: Tornado chart for impact of different variables on oil

recovery.
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In Figures 5.28 and 5.29, the relationship between these dynamic variables and oil
recovery is shown. Figure 5.28 shows that the oil recovery decreases with increase in
drawdown. Unlike deviated wells case, where oil recovery increases with increase in
drawdown up to certain point and then starts decreasing with further increase in
drawdown, the horizontal well shows a constant trend of decreasing oil recovery with

increasing drawdown. This is due to the fact that in horizontal wells there is very little
er rates (depending on reservoir quality) as

9

covery mSe in GOR limit of the field. If

a fi _mhlgher oil recoveries can be

GOR. But most of the time

drawdown required to produce at hi

more surface area is exposed to-

Figure 5.29 shows incre@

there is no productio
achieved by allowing

the GOR is maintaine constraints.
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Figure 5.28: Effect of drawdown pressure on oil production cumulative
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The maximum GOR limit has the same effect on horizontal wells recovery as on
deviated wells. As more gas is allowed to produce, the longer the well sustains and
hence more oil is recovered. But this has to be done at the expense of losing reservoir

energy. So, this strategy can significantly hamper any pressure maintenance strategy

for the field.

00000
200000
260000
2T0000
280000

260000

aPc

240000

230000

220000

210000

Figure 5.29: Effect of MAXGOR on oil production cumulative (OPC).

AUIINENINE NS
9 Moy i it |

After thi: impact of different dynamic variables on oil recovery is studied,

optimization runs are made by selecting range of different variables as shown in Table
5.2. The simulation is run in optimization mode. Multiple runs are made in order to
use different combinations of the dynamic variables and estimate optimum oil

recovery for each combination.

The oil production rate profile for optimization runs is shown in Figure 5.30. It is very

obvious from the oil production profiles that the plateau is increased as the rate is

Fiariroreal EDY

Ay
W Baiing
ST b
opC
Wl FEEEIN
Aty (MRS
o ki SOE0ET



78

lower. This is due to delay in gas and water coning. In an oil rim, gas coning is very
critical as once the gas cones in, it is almost impossible to control gas coning. After
coning starts, the oil rate starts declining and the well is shut in after reaching
maximum GOR (MAXGOR) limit. The time to compare the recoveries for different
cases is where all production rates merge and after that the oil production rate is

considered too low to produce the well economically. As discussed in deviated wells

ecovery comparison is selected as 750 days
% is time.

Z

Table52 ' 1zation ca es horizontal well.
R
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Figure 5.3( ion runs for oil production rate.
Figure 5.31 shows oil recovery at di nt optimization runs. The most optimized

case is when the well is flowing i ate with 10 psi drawdown pressure. The
__,,.n-" o /

maximum GOR limit f 300 l. /The optimized case when

_ .
horizontal well is producing und ves an oil recovery of 16.5%.
Therefore, the prlmalﬂreco gle horizontal well is producing is 1.5%

more than when the samg res reservoir is prod ced by deviated wells. The deviated wells

were optlmlzﬂ‘oijoﬂl‘a %rﬁ]ﬂ%ﬁ:w Ejef]aﬂ ﬁ:ssed in Section 5.2.3.

In this case, thethorizontal well is not yet optimized for lateral length and location of

RRTRIN ST AL NP (113
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Figure 5.32 shows GOR a wafer c ds for all the runs. It should be noted that

the gas coning time in horizontal
et sf:.'.l

, PRSIt - ) . .
well case. Also, it ?a be seen from Figus oning starts earlier at very

high rates and delays as roduc awdown pressure are lowered.

For the optimum casg the gas d esn’t@appen at very early life of

production. It starts after‘lgdays. At very &O)N rates, the gas coning and water coning

is further delaﬁifﬂsﬁk ﬁq‘}%eﬂ !ﬂ ﬁewgb’qoﬂ‘gxe oil recovery is very

slow. It takes séveral years to produce the same amount of oil. But for the same time
' ./

¢ o
periodﬂl aﬁi?ﬁﬁdf@dﬂmﬁ? ﬂl‘g?ﬁ) , production at
very lowirate gives less recovery. So, the production rat€"and reécovery becomes un-

economical.
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In Figure 5.33, the gas coning forh vell case is studied. The GOR is plotted

. . [
against time. It can be seen that fo

at 800 bopd with 10 psi d

se scenario when the well is producing

oning is delayed as compared to

when well is "&fff':r-:“_:'f_'-‘:::-‘f‘?m-'-*m'-ﬁm-"----l«‘ Also note that the gas
breakthrough occurs after I case as compared to only 6 days

in optimized deviated ‘well case. There is yet further room for horizontal well to be

optimized for ﬁﬂﬁ%ﬁgwfwgﬁ TT? to GOC and WOC.
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5.3.3 Effect of lateral iﬂ@h n%ntal well recovery

e ot f( o

In this section, we ‘Fa i ‘
thin oil rim affects thc.oi imulation runs are made with

xj) different lateral lengths. The rjalge of lateral length is from
550t to 200 i ateral length to get
representativegl ulz[ m ﬂﬁi lel’jjﬁ 3‘ lls than shorter ones.
But it also depends on the reservoif quality andstype of drive mechanism. In strong

cag il b il el ket @i o v v

exposure to possible water zone. We’ll discuss the effect of increasing horizontal

|
horizontal wells havi

length in an oil rim environment in this section.

With the same location of horizontal well discussed in Section 5.3.2, simulation runs
are made with varying horizontal lateral lengths. For this purpose, separate simulation
runs are made for each lateral length. The lateral lengths used for this purpose are
5501t, 800ft, 1000ft, 12001t, 14001t, 1800ft and 2000ft. The oil production profile for

different lateral lengths is shown in Figure 5.34. All the cases are run with same initial
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oil production rate of 800 BOPD. It can be seen from Figure 5.34 that as the lateral
length of horizontal well is increased, the plateau for oil production is also increased.
For shorter laterals, the coning for gas and water starts earlier. This is because of less
surface area available for horizontal well in shorter laterals than in longer laterals and

higher drawdown required to produce at same oil rate.

W-07TH Extended plateau for
‘Lp?gjr lateral length

800 ;
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Figure5:34: Oil rate profile for different ateral lengths.
Y st

Figure 5.35 shows oil recovery for diffesent lateral lengths. As the length of the
horizontal section increases, the oil recovéry alse increases.| Again, this is mainly
because of sustained production for,a longer period for longer laterals as discussed
earlier! The fonger lateials ‘are.more exposédto reseivoit. In this paiticular reservoir,
the wellgis not extending to water zone even for longest lateral length of 2000ft.
Therefore, well with longer lateral length are more exposed to reservoir and hence

sustain oil production for longer time by delaying water and gas coning.

However, it should be noted from Figure 5.35 that after 1200ft lateral length, the rate
of increase in oil recovery is reduced. The increase in oil recovery from 1800ft to
2000ft is very small as compared to increase from 800ft to 10001t or 12001t to 1400ft.

It is very important to evaluate whether an increase in recovery due to increase in
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lateral length also justifies the cost for drilling any additional footage. In our case, we
will assume that the maximum recovery case is the most optimum case. So by

optimizing the lateral length of horizontal well, the recovery factor is increased from
16.5% to 18.7%.

W-07H
0.2
- " - 2000 fY
bl = o= le = =B == 8= 1800 f
-3 ——a———=——u—-11400 |
016 — "] 1200
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012 - R =800 ft
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o
0,08
HE WELL 800
HZ_WELL_ 10001
0.04 FIF HZ_WELL 1200
HZ_ WELL_140k
HZ_WELL_1500ft
HZ_WELL_20001
LLE 500
Flgul.'e 5.35: ‘_-'_r..,:‘;-;— t lateral lengths.
Q %
The gas coning and wa n-n more detail in figures 5.36

and 5.37. It can be secn that both gas and water breakthrough time increases as the

: o .
length of hori ﬁ‘ﬂ 1mﬁy1§wﬁytﬁ§: well to produce for
longer time b% ilqlgi : reaching er ‘cut ‘'or'maximum GOR limit,
hence improvi'qj the oil recovery. The oil recﬁrﬁor 2000-ft-horizontal well is

esﬁmaaqiﬁ BN i golainkidsd 44 il tbHow 6 isgibsed carler

Therefore horizontal well with optimized rate, drawdown pressure and lateral length

gives 3.7% more recovery than optimized deviated wells case.
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5.3.4 Effect of horizontal well location on horizontal well recovery

In this section, effect of changing location of horizontal well with respect to the GOC
and WOC will be discussed. In all the previous cases, the horizontal well was placed

in the centre of GOC and OWC. Three cases will be discussed in this section:

1) Horizontal well closer to OWC
2) Horizontal well in the center of OWC and GOC

3) Horizontal well closer to ﬁﬁf/

The location of the well for"ﬂ*three casgs in t“l're(ﬁn‘ﬁel is shown in Figures 5.38, 5.39
and 5.40. .

Figure 5.38: Horizontal well closer to OWC.



ri o-fi!tal.lrwel},a{:center of OWC and GOC.

idd

Figure 5.40: Horizontal well closer to GOC.
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Placement of horizontal wells is very critical especially in an oil rim reservoir, where
gas and water coning can impact the oil recovery significantly. There are certain
factors like reservoir permeability, anisotropy ratio (kv/kh), fluid viscosities,
production rates and drawdown pressure that control the coning. But along with these
factors, the placement of horizontal well with respect to the distance from OWC and

GOC also plays pivotal role in controlling the coning and hence enhancing the oil

recovery.
The oil production profile for % ents is shown in Figure 5.41. The
well closer to the GOC Wpla@u t two cases. With the well being

closer to GOC, as the gﬁﬂﬂﬁ’—' ts, the wrp decline in oil rate and the

well is shut-in after scf/bbl. The well closer to

OWC doesn’t have a que te is less steep than the other
N,

}hgcase Since the gas is much
more mobile than water : br ) 1 in the well closer to gas cap occurs

very early. Once the gas s oning, ses rapidly, and well is shut-in

it e

1250

Time (DAYS)

Figure 5.41: Oil rates for different horizontal well locations.
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The oil recovery in each case is shown in Figure 5.42. The oil recovery is 19.3%
when the well is closer to OWC, 18.7% when the well is at center of two contacts, and

15.3% when the horizontal well is drilled closer to the GOC.
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Figu yA " orizontal well locations

Therefore, the oi ﬁ%ﬂw _ Qﬂ'\fﬁlﬁlﬁhﬁimpmved by optimum
placement of hori well. this optimization, récovery is increased to
19.3% as compared to 18.7% in the previous ease where the horizontal well was

sited®) S 1A 9 S DU HIAD DI N L e ater

optimiza?ion 1s 7.7%.
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5.3.5 Optimum reco very case forho izontal wells

In this section, resul “-"=“jj;‘;j;;ji‘-=ji=g;:-‘&‘j;;"%=‘.'iiﬂ;=f;;= will be compared and the
optimum case is ider -- | ] *f} of horizontal wells in a thin
oil rim environment. bV1ously, the recovery also depends on static variables of
reservoir and ﬁ(ﬁ r.to r ives a direction as to
what factors ﬁ ﬁ sﬁy ﬂﬁfﬁ gﬁrﬁiﬁi planning to drill a
horizontal well in an oil rim.

rhe oo hon AN DIMHB NG e

optimized cases for dynamic properties, horizontal lateral length and distance from
the contacts. The maximum recovery (19.3%) is achieved when the horizontal well is

drilled closer to the OWC with lateral length of 2000-ft.
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5.4 Comparison of primaty 'd_epletion:_s'c_ernarios
v , T
The optimized case for all prlmary depletlon scenarios }s compared in Figures 5.45

and 5.46. Figure 5 4} compares the oil recovery Ior *a Jl optimized scenarios for

primary depletion. The base case is where the reservoir is being depleted by deviated

wells and there was ng) optimization done for rates or completion. The recovery for
this case is estimated as 11.6%. The optimized deviated wells-case is where reservoir
is depleted by deviated wells. But in this case, the deviated wells were optimized first
for completion-and-then for dynamicvariables, Fherecovery, factor,achieved in that
case is 15%. Then,the deviated wells were replaced by a horizontal well and reservoir
was depleted by single horizontal well. Multiple horizontal wells cannot be drilled
due to the small size of the reservoir. The horizontal well was first optimized for
dynamic variables and then for lateral length and distance from OWC and GOC. The
optimized horizontal well case gives an oil recovery of 19.3% which is 7.7%
incremental to base recovery and 4.3% incremental to optimized deviated wells case.
Therefore, drilling horizontal wells in a thin oil rim reservoir is more efficient and

economical as compared to several deviated wells. Especially in a situation, where
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existing deviated wells can be utilized to drain reserves from other reservoirs, it is

more economical and viable to drill horizontal well(s) for these thin oil rim reservoirs.
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Figure 5.45: Comparison of recm}e'i*ies - optimized primary depletion

s

scenarios. ' Lt

The oil rate compariéon for these three cases is showfi in Figure 5.46. The oil rate
comparison shows that the horizontal well produces for longer time at higher rates.
The decline rate for| horizontal/'well is muchyless than deviated wells case. This is
because in deviated well case, the water and especially gas coning is very prominent.
As the water.and gas hits the wellbore, the well éxperiences a.very sharp decline. The
well eventually shuts off due to high water cut or éxceeding maximum gas production

limit.
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5.5 Pressure maintenance with water injection

e v J

Combination of gas cap and water drive in an oil rim is theoretically considered to be

a very effective drive mechanism. But in practice, primary recovery in this type of
reservoirs is very low.. This is due to oil smearing or gas.cap expansion. In both cases
the oil trapped behind the gas is difficult tofrecover. Force balance plays an important
role in recovering o0il from gil rim reservoir. To keep this force balance, usually wells
have to be produced at uneconomieally low rates that do not justify the operating
expenses. Lherefore, pressure imaintenance either by injecting water into aquifer or

gas injection in gas cap, can significantly increase recovery from an oil rim.
5.5.1 Water injection with deviated wells producing

Pressure maintenance is done in the subject reservoir by water injection (WI). A
peripheral water injection design (injection from reservoir extremes) is adopted in this
case (see Figure 5.47 for illustration). One reason for adopting this method here is the

utilization of existing wells without drilling additional injectors. Wells W-01 is the
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most downdip well and W-06 is a poor performer as far as oil production is
concerned. For injection rate, a reservoir voidage ratio of 1.0 is used, which means the

water injected is equal to the fluids (oil, water and gas) produced from the reservoir

w-01 Wi=02 W-03 Wi-04 W-05

Figure 5.4 A tfatidn of li‘éh]iheral water injection.
.|.;.i -‘5‘&

- L
=
.,.,,g

The oil recovery estimated w1th water. 1nJe’ctloh 1S coml‘)[a.red with primary recovery
|

re——

cases for deviated ; ﬁaﬁ the recovery is increased

to 21% from 15% in opt1m1zed deviated well case. Th&dewated well optimized case
discussed in Section 575.3 is used, and water injection f one in wells W-01 and W-06.

With water injeetion insthis eikrimeresenvoiry aniinerement-of 6% RF is achieved.

The reason for this increment is studied in water injection performance curves from
Figure'5:49 10551 In"'Figure5.50, GOR'and WOR "yversus o1l recovery factor (ORF)
charts for water injection and without water injection for deviated wells case are
shown. It can be seen that in case of WI, the GOR curve is pretty flat as compared to
the GOR curve without water injection. Also in WOR vs ORF curve, the increase in
rate of WOR for case without water injection is very steep after water breakthrough
occurs, whereas rate of WOR increase with ORF is much less in water injection case.
Both curves show that both gas and water coning are reduced when the reservoir is

produced under water injection.
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The oil rate comparison for it-la;aia" , out water njection is shown in Figure 5.50.
et

These oil rates are at the ﬁeld_Lﬁ;Vg—EE: Ehfr 15_; d

there is no water 1 ',e:_&ion done as seen 1

1 drop in oil rate at certain points when

ure 5.50 is due to deviated

wells shutting in at high water cut or it at those points. Again,

this happens due to wger and gas co , whereas in J&e of water injection, the oil

rate is declining consistentlysand not dropping sharply at any point.

With water injﬂiy téjre’s%\%]rgrjeﬂrgs nrﬁalm’e]i f\]dEe gas is not allowed to
expan eﬁT ﬂ:e rﬁ iniogﬁ ﬁl ) Wg'j JTS Eaj(pansion, oil is
not trapped behi eﬂg S t sﬁas expansion, les produced from

the perforated interval due to gas coning. The comparison of reservoir pressure profile

for base case, optimized deviated wells case and W1 case is shown in Figure 5.51.

So with water injection, the oil recovery in deviated wells case is increased to 21% as
compared to optimized deviated well case recovery of 15% and base case recovery of
11.6%. So an increment of 6% RF is gained by water injection in this oil rim

reservoir.
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5.5.2 Water injection ’.{%n:r well producing
S e _.l. i’; ..
A similar water injeetio on (periphe as shown in Section 5.5.1 is

adopted for this cas y ut 1n t sing produced from horizontal
well instead of deviatﬁwe

is very effective in cogtrolhng the gas water coning and increasing the oil

recovery of aﬂ Furﬂﬁanﬂn ﬂ%sﬁtw\ﬂﬂlﬂsﬁ any increment due to

water injection i case of horizontal well producing from oil rim reservoir. The water

R T YTy

we@ve seen that horizontal well
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The oil recovery estimated i;—lﬁé’vater injet;i;l;qgl 18 compared with primary recovery

cases for horizontal wells in Frgure o F.,’:‘—' Wlth water injection the recovery is
e : '_j =
increased to 25% from 19.3% in optlmlzed horizontal WjﬂL case. The horizontal well
i d - -

optimized case dlscugs‘ed in Section 5.3.5 is used, and Wﬂ_ﬁl’ injection is done in wells

W-01 and W-06. With j Water ujection in this oil rim reservoir, an increment of 5.7%

RF is achieved.

The reason for this“inerement is'studied in-water ‘injection’ performance curves from
Figure 5.54 to 5.56. In Figure 5.54,"GOR and WER versus oil re€overy factor (ORF)
charts for ‘w:ater irijection and withoﬁt Water injection for horizontal wells case are
shown. It can be seen that in case of WI, the GOR curve is pretty flat as compared to
the GOR curve without water injection. Also in WOR vs ORF curve, the WOR is low
in water injection case as compared to when there is no water injection done. Both
curves show that both gas and water coning are delayed when the reservoir is

produced under water injection.
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The oil rate comparison for with and without water injection is shown in Figure 5.55.
It can be seen that the well has a longer plateau when water is injected as compared to
primary depletion case. This is because in case of water injection, the reservoir
pressure is maintained and gas expansion is limited. With this, the oil trapped behind
the gas cap is reduced. Also, the gas coning is delayed and hence the well produces at
higher rates for longer period. The comparison of reservoir pressure profile for base

case, optimized deviated wells case a I case is shown in Figure 5.56.

1 well case is increased to 25% as

cll case @f 19.3% and base case recovery

om optimized horizontal well and 13.4%

So, with water injection the oil i
compared to optimized ho
of 11.6%. So, an incr

from the base case is Im reservoir.
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Figure 5.55: WI performance curves — oil rate comparison.
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5.5.3 Comparison of

. L bt o4 )

The recoveries from water injéction both in‘case o ﬁwat d

are compared in this Section—In-both-cases;-a-periph eral water injection design was

wells and horizontal well

adopted as discussedl' previous se O 3 coveries in both cases are

compared in Figure 5.57. Water injectio:l gives an oil recovery of 21% when deviated
wells are use Y H ﬁn 1 welli i m the same reservoir.
So like primziﬂjjrglv rﬂﬂﬂgj:fmﬁi draining oil from an
oil rim_reservoir and give hi eiﬁ:: veries. Fi 5 hows er cut and GOR
plots Q ﬁﬁaa%tai eﬁ;ﬁﬂliﬁg tlljté:%:]oning is more
pronounged in deviated wells case even after water injection. For horizontal well, the
GOR remains pretty stable after water injection. However, water cut is more
pronounced in horizontal well case as compared to deviated well case. This might be
due to the reason that the horizontal well is closer to OWC, and after water injection
the water OWC moves faster and hits the horizontal well earlier. But in terms of

overall oil recovery, horizontal well certainly gives better recovery both in case of

primary recovery and water injection cases.
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5.6 Pressure maintenance with gas injection

In this section the impact of pressure maintenance by gas injection will be discussed.
Gas will be injected in the gas cap. Produced gas from the reservoir is being re-
injected to maintain the reservoir pressure. In this case, well W-05 which is the most
up-dip well, is utilized for gas injection. There are different ways gas can be injected
into the reservoir. One way of injecting gas is by dump flood, i.e. injecting gas from
other reservoir into the oil rim reservoir by having cross-flow within the wellbore.
The control of gas injection rate and surveillanee becomes a challenge in this type of
gas injection. Other method that is more conventional and has more control on
injection rate and surveillance is-surface gas injection. Of course, there is more capital
expense involved in surface.gas injectiop than dump flood. But at the same time, the
results are usually mor€ fruitful du' surface gas injection than dump flood. Also, in
dump flood, the injection sustains as lo;né as there 1s enough pressure differential
between the source and target reservoir. D}ecTining injection rate with time also affects
the efficiency of gas injection in dump gz;'S__-ﬂ.ood. In the following sections, we will
discuss surface gas injection and study thé_(’)ilr recovery both when deviated wells are

producing and when only horizental well is,i)__féﬂ.'ucing from an oil rim reservoir.
5.6.1 Gas injection with deviated wells producing

As mentioned before,.gas is injected in well W-05 which is the most up dip well in
this oil rim reservoir. Sensitivities are run for gas injection rate to see the impact of
injection rate on- oil recovery..Gas, injection rates.of 1.0,.2.0.and 3.0 MMSCEFD are
used for this sensitivity a8 shown in [Figure '5.59. The! rins were submitted as
optimization runs as discussed in#Section 5.2.3.to optimize the oil recovery. A

constant,gas is being injected for allinjection rates.

The oil recoveries obtained at different gas rates when deviated wells are producing
are shown in Figure 5.60. For this optimization run, recoveries are optimized at each
gas injection rate. The best recovery factor of 16% is achieved when gas is injected at
constant rate of 1.0 MMSCFD. This gives an increment of 1% recovery factor from
optimized deviated well case. However, oil recovery with gas injection in this case is

4% less than the case when water is injected into the oil rim reservoir.
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Flgure 5.60: Gas injection recoveries at different gas injection rates — deviated

wells case.

The initial and abandonment saturations of this oil rim reservoir are shown in Figure
5.61. It is evident from the figure that significant oil saturation is left behind at

abandonment conditions. Also the cross-section in Figure 5.61 shows expansion of



105

gas cap at abandonment conditions, and most of the wells shutting in at MAXGOR

limit.

Initial Condition Abandonment Condition

GI in most updip
Wil well W-05 Wiu

- 4
Figure 5.61: Sj’iuratlon at initial and abandonment conditions for gas injection

) i ]

case. J :

The GOR and Wa}tér‘cut plots for injection at differenf rates are shown in Figure 5.62.
It can be seen fhat for optimum oilfecovery case.(1.0 MMSCFD, gas injection rate),
the GOR of the ﬁeld is contfolléd b-ut“ the watet cut ilcreases sharply as compared to
other injection rates. The wells are shutting in at MAXGOR limit and not on high
water cut limit. Again, this shows that gas being more mobile than water, gas coning
is much more critical in an oil rim reservoir than water coning. None of the wells
reaches the water cut limit before they are shut in, but all wells are shutting in on

reaching MAXGOR limit.
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Figure 5.63: Oil rate comparison for different depletion cases.
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5.6.2 Gas injection with horizontal well producing

Similar optimization runs for gas injection are made for horizontal well case as done
for deviated well case. The same well W-05 is utilized for gas injection into the gas
cap. The sensitivities for gas injection rate are also similar to the ones discussed in
Section 5.6.1. The oil recoveries at different gas injection rates are shown in Figure
5.64. Again, recovery is optimized for each gas injection rate. The best recovery is
achieved at gas injection rate of 1.0 MMSCED. The optimum case gives a recovery
factor of 21% for gas injection when horizontal well is producing from this thin oil
rim. This gives an increment 0f 3.5% frem primary depletion case of horizontal well.
However, the recovery from gas injection is 4% lower than water injection recovery

when horizontal well isproducing from Yﬂ rim.
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Figure 5.64: Gas'injection'recoveries at different gas-injection rates — horizontal

well case.

The initial and abandonment saturations for gas injection case are shown in Figure
5.65. From Figure 5.66, it can be seen that gas cap expansion is very prominent as
compared to aquifer movement. The horizontal well is shut in once the gas reaches
the well and MAXGOR limit is exceeded. This is also shown in GOR versus time plot

in Figure 5.66. But it is also clear that the sweep is much better as compared to the
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case when deviated wells are producing as shown in Section 5.6.1. Also note that
there is good sweep at the heel of the horizontal well as compared to the toe due to

higher drawdown at heel as compared to toe (Figure 5.65)..
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Figure 5.65: InitlaJ ban‘donmelﬁ}co‘ndmons for GI case — horizontal well
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The GOR and water gﬁmlﬁﬁiﬁmfeg are shown in Figure 5.66.

It can be seen that for Optimum oil recovery case (1.0 MMSCFD gas injection rate),
the GOR of the field 1s controlled but the water comng > starts earlier as compared to
other injection‘tatés. The wéll ig shutting m-att MAXGOR:limit and not on high water
cut limit. Againy this shows that gas being more mobile than water, gas coning is
much mor‘e__critica;‘l in.an.oil.rim reservoir thai water co_ning_.‘, None of the wells
reaches the Water éut limit before“they are shuttin; but-all wells ‘are shut in once

reaches the MAXGOR limit.
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Figure 5.67: Oil rate comparison for different depletion cases.
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5.7 Pressure maintenance with combination of water and gas injection

In this scenario, both water and gas were injected simultaneously into the reservoir.
Water is being injected in down dip wells W-01 and W-06, and gas is injected in most
up dip well W-05. This is done in an effort to keep the force balance between gas cap
and aquifer and see the impact on overall oil recovery of this oil rim. Gas and water is
being injected to keep reservoir voidage ratio of 1.0. Water and gas injection profiles

are shown in Figure 5.68.
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Figure 5:68:Water and gas injection profiles for simultaneous GI and WI.

Comparison of performance between water injection‘and-simultaneous water and gas

injection with horizontal well producing is shown in Figures 5.69 to 5.72.

Figure 5.69 shows comparison of oil rate profiles versus ORF. The comparison shows
that simultaneous water and gas injection gives a longer oil profile and hence higher
recovery factor. However, it should be noted that it takes longer to get higher recovery
factor for simultaneous water and gas injection than only water injection Figure 5.70.

Figure 5.71 shows comparison of WOR versus ORF for both cases. In WI case the
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water breaks through early than simultaneous WI and GI case, and hence well loading
up earlier at high WOR of 9 (water cut =90%). But in case of GOR versus ORF chart
(Figure 5.72), gas breakthrough in simultaneous WI and GI case
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Figure 5.69: Oil production profile comparison for WI and simultaneous WI and GI.
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shown in Figure 5.73. It ¢an a:v_élsjeen that the sweep is improved in this case as

compared to WI or GI cases dj§gg$§§d in pgﬁ_-.it_zus_ sections.
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Figure 5.73: Initial and abandonment conditions for simultaneous WI and GI case.

The comparison of reservoir pressure profile for two cases is shown in Figure 5.74.

For WI case, the reservoir pressure is maintained at original value while for
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simultaneous WI and GI case, the reservoir pressure is increased from the original

value.
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5.8 Recovery conparison of
5.8.1 Prlmaﬁrecov

Comparison f m igure 5.75. The x-axis
represents d1f ﬁ&i ﬁﬁij ﬂ Hﬁﬁ recovery factors. The
RF is also labeled on each bar. It shows that horizontal well aftet.optimization gives
the higas{ﬁinqae\a\g:b?im N %g;(] %H Ejil’;]raeﬂl of 7.7% from
base casg and 4.3% from deviated wells optimized case. The average RF for primary
cases is shown by horizontal red line which is about 15.5%. The range of RF for

primary cases is from 11.6% to 19.3% depending on type of wells drilled and

optimization for gas and water coning.
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Secondary recovery nparison is-shown in tl .:,i' 6. It does not include the

een Gl and WI for both

deviated well and horizontal well production. The hig [est recovery is achieved with

WI as second c ‘ﬁe iﬁ(ﬁ W ducing. A RF of 25%
is achieved in%ﬂﬁigi n?fﬂyl cre {Inﬁ:io from the base case.
Note that WI with deviated wells producingsgives same re¢overy as GI with
horizoal WIQraxﬁﬂ ﬁlm %%&]t@ mh&qu(aoﬂl well GI case,
the gas ﬁreakthrough occurs earlier and well is shut in at MAXGOR limit. But in
general, WI gives more recovery as compared to GI for this oil rim reservoir. The
average RF achieved with secondary recovery is about 21% indicated by the red line
in Figure 5.75 which is about 5.5% more than the average RF obtained from primary

depletion. Therefore, secondary recovery either by WI or GI certainly improves the

overall oil recovery in an oil rim reservoir.
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This section compai "’ ssed in previous sections
of Chapter 5. It also clude the - ] I case. The comparison is
shown in Figure 5. 7
recovery cas ﬁ ﬁ { neous gas and water
injection glveﬂu ?]‘ﬁ ﬂ ﬁﬁﬁ ﬁ\ﬁis are allowed to flow
for lmﬁ:‘ time than 750 days, the thighest recovery is achievedewhen both gas and
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mainly (?ue to maintaining force balance discussed earlier. With production from

he chart shows sequence of cases from highest to lowest

water 1

horizontal well and WI as secondary recovery method, a force balance is maintained.
Gas and water coning is minimized. This helps increase the overall oil recovery. With
simultaneous gas and water injection, the force balance is further improved, giving
better recovery than WI or GI alone. But in most cases, it is very expensive and
impractical to implement both water injection and gas injection together due to large

amount of capital expenditure.
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Chapter VI

CONCLUSIONS AND RECOMMENDATIONS

Force balance between GOC and OWC in an oil rim has been studied and
thought to be the most critical factor affecting the oil recovery in an oil rim reservoir.
An experimental design approach is taken to study the impact of dynamic parameters
such as drawdown, oil rate and GOR on the overall oil recovery from thin oil rim
reservoir. The oil recovery is then optimized using a range of these dynamic
parameters. The results showed that oil secoveryincreases with drawdown up to some
extent, after which further'drawdown pressure will deerease the oil recovery. This is
mainly due to at very" high drawdowln pressures, gas and water becomes very
prominent. Also in case’of déviated wells, y_vells have to be produced at relatively very
low oil rates to increascithe 01l recovery ﬁ:om thin oil rim reservoirs. Sometime, these
rates are so low that it is wery difficult to écéﬁomically justify the production. At high
rates and drawdown pressures, the. oil re&;_veries are hampered mainly due to early
water and gas breakthrough: Water and gés.rconing 1s the biggest challenge while
producing from a thin oil rim reservoir, Théﬁf&blem increases as the oil rim becomes
thinner. The amount of gas and ‘water coning:dé.pends on the thickness of oil rim, size
of gas cap and aquifer_strength. Usually gas coning is imore prominent due to high
mobility of gas as compared to oil and water. Gas coning affects the oil recovery from

thin oil rim in two ways,

i.  With more gas production the reservoir loses energy and reaches abandonment
pressures earlier
ii. ~With'gas\cap,depletion; oilysmeatinginto gasicap or gas eap expansion into oil

zone happens

These factors have detrimental effect on oil recovery. In the second case, the
oil is trapped behind the gas and very difficult to recover at later stages. Therefore, it
is very critical to produce the wells at rates such that the movement of GOC and
OWC are kept uniform. In other words, keeping force balance between GOC and
OWC becomes very critical in thin oil rim reservoirs. But to achieve this, sometimes

the wells have to be produced at economically very low rates.



120

Horizontal wells are found to be a good solution to improve the rates and
recovery from thin oil rim reservoirs. Even with lower drawdown pressures as
compared to deviated wells, horizontal wells can be produced at relatively higher
rates with less water and gas coning. Water and gas coning is more pronounced in
deviated and vertical wells as compared to horizontal wells. Horizontal wells offer
much larger surface area to flow that helps in minimizing the coning. Maximum
drawdown is achieved at the heel of horizontal wells and minimum drawdown is

achieved at the toe of horizontal well.

There are certain faetors«that should be considered while planning a horizontal

well in oil rim reservoir. '

i.  Horizontal lateral length

ii. Distance from GOC and OWC

For the first factory generally, the oil";feéovery Increases with increase in lateral
length. In some cases where thete is edgé__- Z)'r.]._‘bottom water drive, horizontal wells
extending to water leg can cause probleﬁé V-Jin production. Even with minimum
drawdown at the toc; water can'éccumulate‘ét_ _a?iféas havigg sump in lateral section of
horizontal well. Also’the result of this study showed ‘that rate of increase in oil
recovery is not constant per footage increase in lateral length. In our particular
reservoir, an increase in @il recovery of 5.5% is observed as lateral length is increased
from 5501t to 12001t (6501t increment), But increasing the lateral length from 1200ft
to 20001t (800ftincrement) improves the oil recovery by 2.7%. The results could vary
from reservoir-tosneservoir.-Care |should ibe taken rwhile~planming the length of
horizontal well. A “very long horizontal well could add substantial cost to the project
while the increment in reserves might be insignificant. This may hamper the overall

project economics.

For the second factor, this study shows that drilling horizontal well
closer to OWC gives better oil recovery as compared to drilling closer to GOC.
Again, this is due to the fact that gas is more mobile than water and oil. Once gas

coning starts, it is very difficult to heal the cone. Some literature study also proves
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drilling horizontal well below the OWC gives better results in term of oil recovery. A
reverse water coning effect is studied in that case. In general, horizontal wells in thin
oil rim reservoir can give better rate and recovery as coning is minimized in
horizontal wells. Horizontal wells can significantly improve the oil recovery as

compared to deviated or vertical wells in an oil rim reservoir.

Based on this study, pressure maintenance significantly improves the oil
recovery from thin oil rim reservoir. Different pressure maintenance techniques like
gas injection, water injection and simultan€ous gas and water injection are
implemented to see the impact of overall oil recovery, Water injection proves to be a
better pressure maintenanc€ fcehtuque than gas injeetion. Water injection maintains
the GOR for longer-period” as compalred to gas injection, where, once the gas
breakthrough occurs, the GOR.increases sharply until the well is shut in on reaching
limiting GOR. The pressure maintenaricé can increase the recovery to 25% as
compared to 18% from primary, depletiorﬁ The third pressure maintenance technique,
simultaneous gas and water injection, gri-s‘./'csa‘maximum oil recovery with extended
production time. With this technigue, mé&imum force balance is maintained and
better sweep is achieved at abandonment co@iffons. But sometimes it is operationally
very difficult to implement-both gas aIi'd-’-flwater injection due to high capital
investment. Where possible, surface water mjection with ¢as dump flood or vice versa
can be implemented to-save cost and also improve overall oil recovery from thin oil

rim reservoir.

Based lon this -study, the -following is recommended to improve the oil

recovery from thin oil rim reservoirs.

% ‘Drawdown pressure is-very.critical in controlling water and gas coning in oil
rim reservoir. It is very important to optimize the drawdown pressure in
deviated or horizontal wells to minimize coning effects and at the same time

Increase reserves.

X/
L X4

Drill horizontal wells instead of vertical or deviated wells. This helps in
reducing gas and water coning. In many cases, horizontal wells can prove

more economical to drill as less horizontal wells are required to drain more
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reserves as compared to deviated wells. Especially in an environment where
deviated wells have delineated the oil rim reservoir and also penetrate multiple
reservoirs, horizontal wells can prove very economical. The reason being
deviated wells can be utilized to drain other reservoirs and at the same time

horizontal wells can be utilized to maximize recovery from oil rim.

Horizontal wells should be drilled away from GOC to avoid early gas
breakthrough. It also helps to avoid wapid gas cap expansion and oil smearing
into gas cap. The oil trapped behindthe gas is very difficult to recover at later

stages.

In general, longer latepals are Ibetter than shorter laterals in terms of oil
recovery. But.ifi ordér fo/increase the lateral length, care should be taken as
lateral should nét extend to the;v;/ater leg or poor reservoir area that can
hamper production and recovery: With good reservoir properties, increase in
lateral length does not always incréﬁse-{he recovery at the same rate. As in this
study, it is observed that the reservies. increase substantially with increase in
lateral length up to some extent. Aﬁéf":fhat, further increase in lateral length
does not significantly increase the’"r‘ééerves. So, an economic justification

should be made when proposing lateral length-for-herizontal wells.

Secondary recovery signiticantly increases the-oil recovery in an oil rim
reservoir, Although“the gas cap and-dn active aquifer provide good reservoir
energy, external 'energy support by gas and/or water injection significantly
improves the recovery. The force balance between GOC and OWC is
distutbed by “production ' under primary' depletion, @nd -hence hampers
recovery. With secondary recovery, the force balance is well maintained, and
it also allows producing at relatively higher rates. Water and gas injection also
helps to reduce the gas and water coning specially when producing from

horizontal wells.

The timing of injection is very critical to obtain favorable results. It is

recommended to start water and/or gas injection at early phase of production



123

rather than delaying to get maximum benefit of injection. By delaying
injection, the force balance is already disturbed, and later injection becomes

less effective.
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APPENDIX A

Fluid Properties Table

The following oil and gas fluid properties are used in the simulation deck

OIL API GRAVITY Region
OILPROP API 38.61 1
PRESSURE FVE COMPR DVIS
(psia) (rbbl/STB) (1/psi) (1/psi)
200.0 1.1266 1.4864E-04  6.9497E-05
400.0 1.1443 ' 7.9024E-05  6.9722E-05
600.0 1. 5.6149E-05  7.0025E-05
800.0 1. 1.4891E-05  7.0400E-05
1000.0 1. 8250E-05  7.0841E-05
1200.0 1. 903E-05  7.1344E-05
1400.0 1. ~:QE'Q:""“..~57E 05  7.1903E-05
1600.0 1. 2.8618E-05  7.2512E-05
1800.0 1 14E-05  7.3165E-05
2000.0 1. \\581E 05 7.3856E-05
2200.0 1. 15E-05  7.4579E-05
2400.0 1. 3649E-05  7.5326E-05
2600.0 1. 2.2934E-05  7.6090E-05
2800.0 1.4 k: .2337E-05  7.6864E-05
3000.0 1.50 \\ 1835E-05  7.7640E-05
GAS GRAVITY (air
GASPROP  0.8300
PRESSURE
(psia) (rbbly ) I
200.0 1 e ——
400.0
600.0 |6o
800.0 45524 0.0151
1000.0 3.4705 0.0155 .,
1200.0
ﬂ ‘IQEE 1l Eﬁmw JIN?
1600.0
1800.0 1.8617 0‘0173
21 aéiﬁ‘im%m NYIRY
260 1.2811 0.0197
2800.0 1.1932 0.0203

3000.0 1.1188 0.0210



Relative Permeability Tables

The following oil/water and gas/oil relative permeability (kr) tables are used in

simulation

WATEROILPERM 1

OILGASPERM 1

ALY ANYNTNYNT
ANIFIN TR INYAT

*

eNeoNoRoNoNoNoNoNoNoloNoNoNoNoNolNoNololNelNol

eNeoNoBoNoNoNoNoNoNoloNolNolNolNolNoNolN)]

Sw

.300000
.320000
.340000
.360000
.380000
.400000
.420000
.440000
.460000
.480000
.500000
.520000
.540000
.560000
.580000
.600000
.620000
.640000
.660000
.680000
.700000

Q

Krw

ecNeoNoRoNoNoNoNoNoNoNolNolRoNoNoNoNoNololNolNe]

.108000000 |,
.126750000
.147000000
.168750000
.192000000
.2167500“*“
.2‘

2R

¢
0
0"
0

APPENDIX B

.000000 011000000 1.000000 0
.028000 0.000000 0.896478 0
.090000 0.000485 .686531 O
.110000 0.001123 0.624853 0
.130000 0.002161 0.566077 O
.150000 0.003698 0.510204 O
.170000 0.005831 0.457234 0
.190000 0.008658 0.407166 0
.210000 0.012277 0.360000 0
.230000 0.016785 0.315737 O
.250000 0.022281 0.274376 O
.270000 0.028861 0.235918 O
.290000 0.036625 0.200363 0
.310000 0.045669 0.167710 0
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.330000
.350000
.370000
.390000
.410000
.430000
.450000
.470000
.490000
.510000
.525000
.000000

.056091
.067989
.081461
.096604
.113517
.132297
.153041
.175848
.200815
.228040
.250000
.00000

N eNololNoNoNoNoNolNolNolNe]
loNeoNoNoNololNolNoNolNolNolNol
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.137959
L111111
.087166
.066122
.047982
.032744
.020408
.010975
.004444
.000816
.000000
.000000

oNeoNoNoNoNololNololNolNo)
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APPENDIX C

Producer Constraints and Optimization Parameters

Optimization parameters are MAXDDP, MAXGOR and MAXOIL

MAXDDP W-01 {$MAXDDP}

MAXOIL W-01 {$SMAXOIL}

MINBHP W-01 1450

WELLIMIT MAXWCUT W-01 0:9
WELLIMIT MAXGOR W-01 {$MAXGOR!

MAXDDP W-02 {$MAXDDP}

MAXOIL W-02 {SMAXOkis#

MINBHP W-02 1450

WELLIMIT MAXWCUT W020.9 © |
WELLIMIT MAXGORW-02" (SMAXGOR}

MAXDDP W-03 {$SMAXDDP} =
MAXOIL W-03 {SMAXQIL } |
MINBHP W-03 1450

WELLIMIT MAXWCUT W-03:0.9

WELLIMIT MAXGOR W-03 {SMAXGOR}

MAXDDP W-04 {SMAXDDP} 23

MAXOIL W-04 {SMAXOIL}

MINBHP W-04 1450

WELLIMIT MAXWCUE-W-04-0.9
WELLIMIT MAXGOR W-04 {SMAXGOR}

MAXDDP W-05 {$MAXDDP}

MAXOIL W-05 {$SMAXOI}

MINBHP W-05 1450

WELLIMIT MAXWCHT W-05 0.9
WELLIMIT MAXGOR W-05 {SMAXGOR}

MAXDDP W-06 {$MAXDDP}

MAXOIL W-06 {SMAXOIL}

MINBHP W-06 1450

WELLIMIT MAXWCUT W-06 0.9
WELLIMIT MAXGOR W-06 {SMAXGOR}
*
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APPENDIX D

Injection Constraints and Voidage Ratio Definition

Defining water injection in W-01 and W-06

MAXWATINJ W-01 1500
MAXBHPINJ W-01 4200

MAXWATINJ W-06 1500
MAXBHPINJ W-06 4200

Defining gas injection ingW-05

INJGASCOMP W-05

1.0

MAXGASINJ W-05 1000
MAXBHPINJ W-05 4000

Defining VRR of 1.0 +aH

RECDATALIST GPINCINJ
GRPTARGET VOIDAGE ALTWELLS 1.0

MTBRLIMIT MINAVGPRES EQREG1 2600 GPINCINJ

ENDRECDATALIST

RECDATALIST GPDECINJ
GRPTARGET VOIDAGE'AULWELLS 09

MTBRLIMIT MAXAVGPRES EQREGI 2620 GPDECINJ

ENDRECDATALIST

MTBREIMIT MINAVGPRES EQREG1 2600 GPINCINJ
MTBRUIMIT MAXAVGPRES EQREGI1 2620 GPDECINJ
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APPENDIX E

Simulation Deck

MSc Thesis Simulation - All Deviated Wells - GenOpt Run for Optimization - 2010 Farhan

*
3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 5k sk sk 3k ok sk sk sk sk sk 5k sk sk sk sk 3k 3k 3k sk %k 3k 3k 3k 3k sk 3k sk 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk sk 3k 3k 3k 3k %k 3k sk 3k 3k 3k sk %k 3k ok ok sk sk sk sk kok kosk sk k
* %

*CHECKDATA

* - -

PROBLEM DESCRIPTION

*
* - - - =
*

CHARARRAY 9700

MEGAWORDS 100

SIMULATOR CHEARS BLACKOQIL
TITLE BEWX Horizontal Well Model
TITLE FEB 2010

START 01-NOV-2009

NOECHO INPUT

EQNSOLVER CLUB

* RUN# FLAG ECLRSTRT
*RESTART -1 1
FORMULATION OWG IMPLICIT
MAXSWPR 5 5 5 5
MAXWELL 7 308 70
MAXGRPR 1

*

JFUNCTION WATEROIE

NORMSATENDPT
NREGIONS 1 1 1
* NX NY NZ NGRIDS

MODELSIZE 44 124 40 ©. 2
*MAXFLOT 175

MAXMTBRL 2 2

NHISTPI=2

* WMSOPTN SIMERI

* = = == = = ======

* LGR SPECIFICATION

* = = == = = ======

*GRIDDEF LGR1 CARTESIAN 2

*GRIDWINDOW 24 29 42 69 1 20 COARSE
*GRIDSIZE 18 28 20

*GRIDFORM IMPLICIT

*XDIVISIONS
*333333
*YDIVISIONS



*1111111117112121121121211111111111111

*ZDIVISIONS

*11111111111111111111

* —————— e — —

* OUT SPECIFICATION

* —————— e ——— — —

*

*MAPORIENT XY
GRAPHOUTPUT ECL
XYPOUTPUT ECL
*MAPSINITIAL FILE ALL
* TOPDEPTH
GRAPHINITIAL

TOPDEPTH GROSS POROS PERMX-PERMY PERMZ SWIR TRANX TRANY TRANZ

SORW SORG SGC PORVOL MTBREG

GRAPHRECUR

DATPRESS PRESS WSAT OSAT GSAT
ORELPERM WRELPERM GRELPERMPCAPW.

XYPLOT

WELLS FIELD GROUP
EXCELFILE

WELLS FIELD REGION
EXCELPRDFREQ 4 1
COMPFREQ 4 1
GRAPHFREQ 4
GROUPFREQ 4 1
WELLFREQ 4 1
XYPLOTFREQ 4 1
*IDEBUG 15
WMSFREQ 2
WMSOUTPUT 3 2 2
MTBFILEFREQ 2
MTBPRNTFREQ, 2
GRAPHFREQ 1
*RESTARTFREQ,0

* %

*

MTBORT

EQREG WATER SURFACE'PORVOL
EQOIL WATER SURFACE PORVOL
EQAQF WATER SURFACE PORVOL

FLUID PROPERTIES

* %X ¥ ¥

*

OIL API GRAVITY Region
OILPROP APl 38.61 # # 1
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*

* PRESSURE

* (psia) (rbbl/STB) (cp) (SCF/STB) (1/psi)

FVF

VISC RS

COMPR

DVIS

(1/psi)

200.0 1.1266 0.373 32.65 1.4864E-04 6.9497E-05
400.0 1.1443 0.364 70.18 7.9024E-05 6.9722E-05
600.0 1.1642 0.353 111.64 5.6149E-05 7.0025E-05
800.0 1.1859 0.340 155.95 4.4891E-05 7.0400E-05

1000.0
1200.0
1400.0
1600.0
1800.0
2000.0
2200.0
2400.0
2600.0
2800.0
3000.0

*

* GAS GRAVITY (air =1.000) Region

1.2091
1.2337
1.2595
1.2865
1.3146
1.3438
1.3740
1.4051
1.4371
1.4701
1.5038

0.326 202.53
0.312 251.03
0.298 301.18
0.283 352.80
0.269 405.74
0.256 459.88
0.244 515.13
0.232 571.40
0.221 628:64
0.214%68678
0.202 #745:76

GASPROP 0.8300 # # # A4

*

* PRESSURE FVF

* (psia) (rbbl/MSCF)

200.0 18.3415

400.0 9.0334
600.0 5.9360
800.0 4.3924
1000.0 3.4705
1200.0 2.8600
1400.0 2.4279
1600.0 2.1075
1800.0 1.8617
2000.0 1.6683
2200.0 1.5129
2400.0 1.3861
2600.0 1.2811
2800:0y ©1.1932
3000.0¢ [1.1188

* PRESS WDEN

WATPROP 2200.

*

RESTEMP 304

VisC

(cp)
0.0144

0.0146
0.0148
0.0151

0.0155
0:0159
0.0163
0.0168
0.0173
0.0178
0.0184
0.0190
0.0197
0.0203
0.0210

3.8250E-05
3.3903E-05
3.0857E-05
2.8618E-05
2.6914E-05
2.5581E-05
2.4515E-05
2.3649E-05
2.2934E-05
2,233YE-05
2 A835E-05

WVISC WFVF WCOMP
1.03 0.22 1.0308 4.32E-6

7.0841E-05
7.1344E-05
7.1903E-05
7.2512E-05
7.3165E-05
7.3856E-05
74579E-05
7.5326E-05
7.6090E-05
7.6864E-05
7.7640E-05
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* COUPLED ROCK-FLUID PROPERTIES

JFUNCTWATOIL 2 1

12.5

*

WATEROILPERM 1

** Sw Krw
0.300000
0.320000
0.340000
0.360000
0.380000
0.400000
0.420000
0.440000
0.460000
0.480000
0.500000
0.520000
0.540000
0.560000
0.580000
0.600000
0.620000
0.640000
0.660000
0.680000
0.700000

*

OILGASPERM 1

* Sg Krg
0.0000
0.028000
0.030000
0.050000
0.070000
0.090000
0.110000
0.130000
0.150000
0.170000
0.190000
0.210000
0.230000
0.2500
0.270000
0.290000
0.310000

Krow Pcow

0.0000000

0.000750000
0.003000000
0.006750000
0.012000000
0.018750000
0.027000000
0.036750000
0.048000000
0.060750000
0.075000000
0.090750000
0.108000000
0.126750000
0.147000000
0.168750000
0.192000000
0.216750000
0.243000000
0.270750000

1.0000 10.0000
0.9025' 7.200000
0.8100 6.200000
0.7225 5.200000
0:6400 4.200000
0.5625 3.600000
97900 2.900000
074225 2.500000
/3600 2.200000
/3025, 1.900000
0.25/  1:700000
012025 1.500000
0.1600 .4.300000
01225 1.200000,
0.0900, 1.000000
0.062570:950000
0,0400-0.850000 /4
0.0225 0.750000 .
0.0100°0.700000" -
0.0025 0.650000

0.300000000  0.00  0.550000

Krog
0.0000
0.0000
0.0000
0.0022
0:000151
0.000485
0.001123
0.002161
0.003698
0.005831
0.008658
0.012277
0.016785
0.022281
0.028861
0.036625
0.045669

1.000000
0.896178
0.888980
0.818594
0.751111
0.686531
0.624853
0.566077
0.510204
0.457234
0.407166
0.360000
0.315737
0.274376
0.235918
0.200363
0.167710

O O O0OO0OO0OO0OO0OO0OO0O0O 0000 o0 oo
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0.330000 0.056091 0.137959 O
0.350000 0.067989 0.111111 O
0.370000 0.081461 0.087166 O
0.390000 0.096604 0.066122 0
0.410000 0.113517 0.047982 0
0.430000 0.132297 0.032744 0
0.450000 0.153041 0.020408 0
0.470000 0.175848 0.010975 O
0.490000 0.200815 0.004444 0
0.510000 0.228040 0.000816 O
0.525000 0.2500 0.0000% © O
1.000000 1.00000 0.0000 'O

*

*DEFINE RELATIVE PERM for PRODUCING WELL
THREEPHASEPERM LINE

* Rock Compressibility Y
* ROCK COMP. REF. PRESS. REGION}
RCOMPRESS 8.0E-6 2622, 1 1

* CT SM ALAMBDA
GASHYST 233 1 4 1

*
* INITIALIZATION DATA =
* J

* EQUIL Equilibrium Conditions Specification
* Reservoir is saturated-with water/oil contacts

* Depth™ _Pressure OWC  GOC
* (ft.) (psia) (ft.)  (ft.)
EQUILIBRIUM 6600 2622 6662 #
*
RSRLINIT
EQUILRSRL

634.9
*
* DEPTH

DATUMPRES 6600

*
*
*

* GRID BASIC PROPERTIES

*

* Grid Structure and Properties
INCLUDE
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XPERM
ALL*1.00

*

XPERM

ALL < 4000

*

YPERM

COPY XPERM
*

ZPERM

COPY XPERM
*

ZPERM
ALL*0.1

*

SWIR
ALL=0.27

*

SWIR
ALL<0.9719

*

* Sets Sorw to 0.30 (or les

SORW

COPY SWIR
SORW

ALL -1.
SORW

ALL *-1.
SORW

ALL -0.001

SORW
ALL < 0.25

*smsmgtoof‘,lyeﬂ?qfﬂﬂmw N3

SORG

séiZY’WW']éNﬂ‘iﬂJﬁJWTJﬂEI']QEI

ALL -1.9
SORG

ALL *-1.
SORG

ALL -0.050
SORG

ALL < 0.15
SORG

ALL > 0.01
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*POREVOLUME
* ALL * 1.00

*

INCLUDE '/data/pnz_work_02/Humma_Handover/BEWX/Includes/BEWX_59-6_Aqux5.dat

*

*MAXDDP W-05 {SMAXDDP}
*MAXOIL W-05 {SMAXOIL}

*MINBHP W-05 1450

*WELLIMIT MAXWCUT W-05 0.9
*WELLIMIT MAXGOR W-05 {SMAXGOR}
*

MAXDDP W-02 {SMAXDDP}

MAXOIL W-02 {SMAXOIL}

MINBHP W-02 1450

WELLIMIT MAXWCUT W-02 0.9
WELLIMIT MAXGOR W-024$MAXGOR}
*

MAXDDP W-03 {SMAXDDP}

MAXOIL W-03 {SMAXOIL}

MINBHP W-03 1450

WELLIMIT MAXWCUT W-03'0.9
WELLIMIT MAXGOR W-03 {$MAXGOR}
*

MAXDDP W-01 {SMAXDDP}

MAXOIL W-01 {SMAXOIL}

MINBHP W-01 1450

WELLIMIT MAXWCUT W-01 0.9
WELLIMIT MAXGOR W-01 {SMAXGOR}
*

MAXDDP W-06 {SMAXDDP}

MAXOIL W-06 {SMAXOIL}

MINBHP W-06 1450

WELLIMIT MAXWCUT W-06 039
WELLIMIT MAXGOR W-06 {SMAXGOR}
*

MAXDDP W-04 {SMAXDDP}

MAXOIL W44{SMAXOIL

MINBHP W-04 1450

WELLIMIT MAXWCUT W-04 0.9
WELLIMIT MAXGOR W-04 {$SMAXGOR}

*

*

GRAPHFREQ 2

DATE 10-NOV-2009
DATE 10-DEC-2009
DATE 10-FEB-2010
GRAPHFREQ 2

DATE 10-APR-2010
DATE 10-JUL-2010
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DATE 10-SEP-2010
DATE 10-DEC-2010
DATE 10-FEB-2011
DATE 10-APR-2011
DATE 10-JUL-2011
GRAPHFREQ 2

DATE 10-SEP-2011
DATE 10-NOV-2011
DATE 10-JAN-2012
DATE 10-MAR-2012
GRAPHFREQ 2

DATE 10-JUN-2012
DATE 10-AUG-2012
DATE 10-OCT-2012
DATE 10-DEC-2012
DATE 10-FEB-2013
DATE 10-MAR-2013
DATE 10-APR-2013
DATE 10-JUL-2013
DATE 10-OCT-2013
DATE 10-DEC-2013
STOP

DATE 10-FEB-2014
DATE 10-APR-2014
DATE 10-JUN-2014
STOP

AU INENTNYINS
ARIANTAUNININGIAE
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