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The gas reservoirs-in the Gulf of Thailand are generally hosted by fluvio-

deltaic sands, which ?éally limited in extent and dissected by numerous faults.

This depositional 0 and trapping mechanism result in multilayered
reservoirs with differgnt _pii_éhzijgbteristics. The drive mechanisms associated

with the reservoirs are/either depletbb or water drive. This study was initiated to

: a . il o . ; : .
determine the optim letion scemario for the multilayered reservoirs with

different drive mec . The study includes computer modeling of the reservoirs
as well as several simulation funs to det'i_di;_éﬁle the effect of drive mechanism to the
recovery performance under various pertb_fatxpn. strategies.

The study_réveals that when the multilayered :{e,servous are under depletion

drive mechamsm, 'depletloM from all reservoirs at jh‘é same time would provide
optimal recovery -performance in terms of preduction time and crossflow
minimization between layers. When all reservoirs are under water drive mechanism,
to produce from all layers and later on shut thellayer with high water production off
would provide optimal solutionsin terms of-.recovery efficiency, crossflow, and
recovery time. For commingled production from both depletion drive and water drive
reservoirs, separate production between different reservoir drive mechanisms, with
early shutting-off the water producing reservoirs would provide optimal solution in
terms of recovery efficiency, crossflow, and recovery time. It is also found that
permeability plays important role in determination of recovery efficiency for each
reservoir.
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CHAPTER I

INTRODUCTION

Multilayered gas reservoirs in the Gulf of Thailand (GoT) are generally hosted

by fluvio-deltaic sands, which are generally limited in extent and dissected by

numerous faults. Thus a single area may consist of a large number of individual
reservoirs. Trapping is genera ‘w

ulted anticlines or sand lens structures.
1 as a result of high heat flows and

appears to have resulted in the

The basins are gen
relatively deep burial
release of significant qu 0T O, fr reakdown of basement carbonates.
This CO; is associated amercial gas accumulations.
The reservoir dri ayer in the GoT is found to be
either depletion du This is due to the multiple
depositional environ

Within a singl ' of th ervoirs, there can be numbers of

uncommon in the GoT. Thesa;;;%sc? ds can be either channel sands or bar
‘-il j, ,-" - -

sands. The channe ands are t lcallf { sands, and are often supported
w .

lens (from delta front bars
and crevasse sprayjepos" : aveﬁeen found with both aquifer

support and no aqu1fe1l"s aport Figure 1,1 deplcts the shape and patterns of bar and

chame‘sa“ﬂUEJ’mEWl‘ﬁ"NEﬂﬂﬁ

Creva?se Splays Dis ”bUta’IV
- nels

odplam and
Lakes

lower deI‘ta pla

field
idal Flat

Prograding
Sequences

Figure 1.1 Shape & Patterns of Bar and Channel Sands
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The channel sands encountered in the GoT multilayered gas reservoirs have
porosity ranging from 8% to 30% and permeability ranging from 1 mD to 10 D. The
channel sand thickness is in the range of 5 to 30 meters (16 to 100 feet). The channels
are found both as isolated channel, interconnected groups and even multiple
interconnected groups.

The bar sands have less porosity than the channel sands given the same depth.
Their porosity lies in a range of 8% to 25% and permeability in the range of 1 mD to
10 D. The sand thickness is in the range :)f( }/’t} 20 meters (3 to 60 feet) in general.

Another complexity of the G(:JT multﬂé.;ered gas reservoir is that the type of

sand is not totally associated-with drive mechanism i.e., a channel sand can be either

water drive or deplc?ﬁe, depends on whether the sand is connected to an

aquifer. The drive mgehani§ra’ for specific sand layer will only be known once the
sand is put into productio i3 C‘ompiéf(ity leads to the difficulty in selection of the

sand to perforate. \‘) %

In terms of pétroleum engincering, the two sands type is not distinguished
dob ok -')':‘1 p;

between each other. There are only thin or thick reservoirs, with either depletion or
water drive mechanism. Yet: the. bomplé}ifi{.encountered on both Bar and Channel
reservoir’s rock and fluid properties, aﬁf_ii__ﬂ_l{_h different drive mechanism creates

difficulties for egé_@neers to find optimum product@:}/,perforation scenario to be

applied. Especially-h'iwhere these multiple reservoirs;a}e to be produced through
common well. X i)

Current GoT pfagtice is to produce’from bottommost reservoirs upwards and
shut any reservoirs with excessive water productions. This method allows the gas to
be produced from deepest reserveir first and produce the next upper reservoirs in
sequence: This method’s strong point is that since it allows the-bottom reservoir to be
produced first, the shutting-off of the depleted reservoir can be done easily without
concerns that the non-depleted reservoirs will have to be isolated.

Given the complexity of the reservoir characteristics, the GoT gas fields
possess one of the most challenging reservoir management aspects for reservoir
engineers. The multilayered characteristics of the reservoirs in combination with two
main drive mechanisms; depletion and water drive, and a number of production
constraints (CO,, H,S, water production) that added difficulties for the reservoir

management.



1.1 Outline of Methodology

In order to improve the multilayered gas reservoirs management, this thesis
has been initiated to find the various method of perforation strategy such that the
well’s production can be optimized. This includes modeling of drive mechanism and
determination of its impact on the reservoir performance, study of optimal perforation
sequencing under different drive mechanisms, and study of optimal perforation under
production constraints.

The study is carried out in followmg/ steps:

1) Set up of Actual Reservoir Mode!

The study starts'with settmg up of actual reservoir model. An objective of this

step is to obtain real ?f reservofﬁ response such as pressure and production rate.
This real dynamic ¢ is used as, ba31s for the simplified reservoir model to be
prepared in next stef
\ap ‘and _Jsop&_cff map through the employment of Petrel
(R Tl;e PV%-;;angi SCAL data are based on available GoT

del wﬂl_be constructed based on available geological

data such as structural

Geological Modeling So

g model 18 06n51dered as representative model for GoT

. ¥ 2= il
multilayered gas reservoirs. s ==

reservoirs data. The resulti

_.-

In performing the actial model seti“ﬁp;-the pre-assumptions is that the drive
mechanism associqa't_:lgd_\adth_each_sand_laycr_is_knnm ﬁis pre-assumption has to be
made because the }rffjpe of sand deposition is not associa'\f_é‘(lli with drive mechanism. i.e.,
the bar sand can be €ither water drive or depletion drive, depending on whether the
sand is conneeted tothe aquifer. This pre-assumption leads-to the need for simplified
model to allow fof'the-change in 'drive mechanism-from'the pre-specified input.

2) Generate simplified médel that matches the actual médel

In 'the next step, the;simplified version ef reservoir model possessing similar
response to the actual model is created. The purpose of this step is to ensure that there
can be a simplified model that possess similar response to actual model, and therefore
for the study conducted, the simplified model will provide similar results to the actual
model. This simplified model have the similar number of reservoirs, similar reservoir

inclination (dip angle), and OGIP to the actual model.



4

The comparison of reservoir response between actual and simplified model is
observed on the similar trend of response basis. A +10% difference in value is
considered acceptable.

3) Study/Optimize Various Scenarios

Better understanding of the performance of the multilayered reservoir is
expected through this step. After simplified model has been decided to be a basis for
the study, various perforation option§ fare put into test through the model. This
includes: ' / /

(a) The strategy to perforate the ddﬁ[guen sands alone.
(b) The strag_gy.xq pcrforafe the water dI‘lVC sands alone.
(c) The st }eg’y/ perforie both sand layers under depletion drive and

sand layers under wat 1ve. Thg% options to study such as:

sequence. ’ i
eq b -‘.'r-“:r-h

These options are thern comparedt.q determine the best perforation strategy as
well as the response and behaylprrl of the ,rggyp_ irs under each perforation option.
4) Result A.halys1s f

After all sths have been carried out, the results_a{'e summarized and analyzed

carefully to check the validity of each result in terms of:
(a) Practicality
(b) Operation ability

(c)"Other concerns.

1.2 "Thesis Outline

This thesis consists of six chapters.

Chapter II outlines a list of related works/studies on multilayered gas
reservoirs and perforation strategy.

Chapter III describes the setting of reservoir model, theory of gas reservoirs,

and drive mechanisms.
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Chapter IV discusses the principle of reservoir simulation, original model
generation, and simplified model generation and matching with actual model.
Chapter V discusses the cases studied and their results of reservoirs simulation
obtained.

Chapter VI provides conclusion and recommendation.

AULINENINYINS
RINNTUUNININY



CHAPTERII

LITERATURE REVIEW

This chapter discusses previous works that are related to multilayered gas

reservoirs and perforation strategy.

2.1 Previous Works on the Subject
F

A number of literatures regarding behavior of multilayered reservoirs and
perforation sequence have beei revie"_\':ved as claborated below. As a summary, only a
small amount of th | articles directly address the perforation sequence in
multilayered gas reserveirs. -Thls left tie topics of interest becomes challenging.

Arianto et al. |

fields. The field of te;/ 8anga—Saslga, PSC offshore Kalimantan which is fluvial

K, presentai’the completion solution for multilayered gas

gas field consisting o
1. Lower sectio permeabll }y (1 100 mD), Depletion drive reservoirs
2. Upper section: aﬁlgher permeabiﬁty (100-1000 mD), Water drive reservoirs

The classical way of perforatlon is to cqfry out a bottom-up perforation approach.

__‘—..-.

However, this leadg to low gas rate (as the bottom Jhas low permeability), liquid

loading, and/or pqmr well performance. AlternatlveI)a! production from shallow
reservoirs can be chosen but the watered out perforatlon zone will be difficult to
isolate. Their solution in.the past was to,use single selective completions. However,
this solution®s quite ineffective since their production tubing system has to be
completed with various downhole equipment such as double tubing packer, sliding
sleev€yalye €tc.cwhiCh increéasea [risk of System'leakage and slibséquent problems. In
their study, they have decided to use the dual completions, one for the shallow and
one for the deep reservoirs which proves to be successful applications.

Al-Sheri et al. [2] has tested the commingled production from multilayered
gas-carbonate reservoirs in Ghawar field, Saudi Arabia. They have highlighted that
the key successful factors for commingled production is to keep the flowing
bottomhole pressure of the system below the lowest static reservoir pressure. They
further stressed that the best result would be obtained when similar static pressure

zones are combined or when the lower static pressure zone exhibits higher
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productivity index. Along with several findings, they concluded from actual results
that commingled production shows improvement both for production rate and
recovery. This conclusion is made from comparing the commingled production vs.
original selective zone production (i.e., to produce from only one reservoir zone at a
time).

Fetcovich et al. [3] have presented the performance prediction of multilayered,
depletion-drive gas reservoirs using material balance and radial flow equation. The
study was based on actual field data with"rnq _crossflow between each layer and high
contrast between layer permeability.JThe eoficlusions from the studies are that for
multiple depletion drive gas reservoirs, to combine all reservoirs into single reservoir

with average reservois propeities isx possible in view of long term performance

' 4
v ']
-

among each reservoir

— 1

prediction. The conc)‘? hold true regardless of centrasts in reservoir properties
ers.

A number of publisied literatur regarding the multilayered gas reservoirs has
p Kl .

been reviewed such/as a st;udy :_perfol‘:l}g?q; by Raghavan [4], Sansu et al.[5], and

Gangdan et al. [6]. Ho ever, most’ literafgﬁzs are irrelevant to the topic of interest.
From the available theses, Jirarat'w;i@ [7] has studied the effect of different

perforation sequence in mul_tj}_a}yc:_red oil &ﬁa}_-geservoirs. His work deals primarily on

wellbore modeliq_é Jusing the Petroleum Expert’s IP§/I,, software. He employs the

history matching 6e_dih;1ique to fine-tune the model and_fusled it for future prediction of
reservoir performance under different perforation sequences. Based on his findings,
no single strategy is best. for all well models. He suggests that the current field
practice, while provides minimum water. production, yields low recovery efficiency.
The highest recovery efficiency is.the bottom up approach.

From thevavailable “senior project documents,-two works are found to be
related to the topic of interest. Thirawarapan et al. [8] studied the effect of partial
perforations in multilayered gas reservoirs with an attempt to delay water production.
Their work is carried out using both wellbore modeling (Petroleum Experts’ IPM
Software) and reservoir simulation (Schlumberger’s Eclipse Software). Their study
started with verification of each layer’s production from existing well using PLT data.
They found that apart from different reservoir properties encountered in each layer,
the partial perforation contributes significant effect to reduction of water production.

However, in terms of recovery efficiency, the results depend on other factors such as
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reservoir permeability. In high permeability reservoirs, the recovery efficiency is
increasing with reducing partial perforation ratio and vice versa for low permeability
reservoirs. From the economic point of view they found that almost all partial
perforation approaches reduces the incremental NPV.

Another senior project reviewed is the work from Kiatrabile et al. [9]. They
studied the production strategy emphasized on reservoir drive mechanism. In their
study a simplified reservoir model has been built using reservoir simulator. Their
reservoirs consisted of 7 layers, 4 depléfwh /,drive with 3 water drive in between.
Homogenous reservoir properties wsre sci 'ﬂ]:ay categorized their study into three

situations corresponding {e-the impact of permeability. The first is where the

permeability of water.dfive’lavers is higher than the depletion drive layers. The
second is where the %bjlity ofiat_er drive layers equal to the depletion drive
layers. And the third)iﬁ nis wherc the permeability of water drive layers is less
than the depletion drive | ofs.: F?ar t?ls:e first situation, they found that bottom up

v?st. For théisecond situation, they found that to perforate
R
fo lowe_g by 1;119:r water drive would yield highest recovery.

perforation approachiis t

the depletion drive lay v

And in the third situatiél {l\_ef-s'imulta;i@_;irg production using dedicated well for

different reservoir drive me_chfggm wou@g’ig}e best.
3

2.2 Discussit?ns

From a numiber of literatures surveyed, no articles have mentioned the

-

LY

treatment of.multilayered, gas-sandstone-reserveirs-similar-to the GoT multilayered
gas fields. The work-carried out-by'Arianto ¢t ‘al. is' based on different depositional
environment. The study by Al-Sheri ef al. is made on carbonaté.reservoirs. The work
by Fetkovitch etigl 1s basedondepletion drive reservoirs only,

From the available theses and senior project documents, related topics have
been reviewed but these are differences to the topic of interest. Jiraratwaro’s
investigation deals with oil reservoirs with some gas layers. His focus is on the well
model. Thirawarapan et al.’s work deals with effect of partial perforations in attempt
to delay water production. It can be seen that there is still space for this study to
improve understanding on perforations in multilayered reservoirs. Nevertheless, the

literature reviewed provides a very good hindsight to this study.



CHAPTER III
THEORY AND CONCEPT

As the study approach relies on reservoir simulations technique, this chapter

will explain the use of reservoir simulation in this study.

3.1 Reservoir Simulations f/ /
The reservoir simulation techmque*i'é'ﬁsed in this study because it offers

advantage on phenomgggn—«of gas d water ﬂowmg in reservoirs, the interaction

between each reservo_q',d/

multilayered reservoirs through the common producing
well(s), and the effec

| drive mechanisms on the producing characteristics

ése a&wfintage is important in order to understand the

—

of the multilayered resgrvoi
behavior of multilaye ervoirs &a&d ultimately, to determine the optimal
production/perforation te u

The reservoir simul '1on s‘o:ﬁwamr Jused in this study is the Eclipse software.
Black Oil model i ugp_d_m. this 's@g.« as the reservoirs of interest are mostly
wet gas reservoirs, the corppg;ﬁonal ch%g&_ln the reservoir fluids through time is
minimal and therg_fb}e Compositional model is not nee@

In the origis:a-l model, the model is upscaled, a.nd*l imported to reservoir model

by geological modeling software. As a result, the reservoir shape is too complex to
duplicate using simple  reservoir modelings/both from the areal extent and dip angle
aspects. To reflect this complexity in simplified model, the corner-point grid needs to
be used over simple Cartesian gridding system.

The well miodel is generated using Prosper software, which is commonly used
because of its accuracy in predicting flow in wells in the GoT reservoirs.

The two important concepts that are used in the reservoir simulations are the

concept of material balance and the concept of fluid flow in porous medium.
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3.2 Material Balance Concept

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

In its simplest form, the equation can be written on volumetric basis as:

/
Initial volume = volume remainin{ 7 ,vfl;yne removed
o .
Measurable quantitics-include cumulative fluid production volumes for oil,
water, and gas phases‘,’r// yoir pres&ures; and fluid property data from samples of
produced fluids. Mat

al balange calculations may be used for several purposes. They
provide an independ ,"of__estrmating the volume of oil, water, and gas in a
reservoir for comparison with C-Sflumem‘ic estimates. The magnitude of various factors

in the material balance gqu i()n«,'-i;;dica;@ the relative contribution of different drive
mechanisms at work ifl the resefvoir. hiz‘ig_ﬁal balance can be used to predict future
reservoir performance and aid:’ﬁi;eﬁtimatfi;‘gifééovery efficiency.

H EEIDL N

A .

: £
3.3 MateriqBBahneemGas—Resewoit j

Reservoirs containing only free gas are termed gas reservoirs. Such a reservoir
contains a mixture o?hydrocarbons which exists wholTy in the gaseous state. The gas
reservoirs can be | classified |as dry/ gas, reservoirs, wet gas reservoirs, and gas-
condensate regervoirs, depending on the composition, pressure, and temperature at
whichthe aceumulationcexists.

Gas'reservoirs may have water influx from contiguous water-bearing portion
of the formation or maybe volumetric (i.e., have no water influx). The general

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

(chwi + cf)

(I—Swi)

G(B,-B,)+GB, Ap+W,=G,B,+BW, (3.1

where

G = Initial gas in-place
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G, = Cumulative gas production

B, = Gas formation volume factor
Bg;; = Initial gas formation volume factor
c¢w = Water compressibility
Swi = Initial water saturations
¢s = Formation compressibility
Ap = Difference in r ir, pressure compared to original reservoir
pressure. 7/[/) |
W, = ﬁ&servoir
—
B, = e facto
w, =

Equation (3. by applying the law of conservation of mass to the

For gas reservoi ) é' much greater than the formation
and water compressi ¢ left-hand side of Equation (3.1)
becomes negligible.

The new equatio

i av_=—;—'13l'!,l (32)

X'}’

When there is neither water encroachment into the reservoir nor water
. - o, . . . .
production mﬁﬁmﬂ Erﬁigﬁwm Tﬁvolumetnc. In this case
to

Equation (3.

AN sifuinedy @

But

T
Bg —_ pscz
1P

S

(3.4)

Substituting B, into Equation (3.4), we have
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p Di Pi
z &G © & (3.3)

Because p;, z; and G are constants for a given reservoir, Equation (3.5)

suggests that a plot of p/z as the ordinate versus G, would yield a straight line with:

P;
slope = -——4
. z,G
y = :
rilss ‘%3,, Z.
_— — —
The p/z plot v itive pr v own in Figure 3.1.
Y
A AT
2 =
e T I*
+— *p
w1
0 U - 6 u 18 24
cumulatlve production

_— 1) na,m 4TS tn pe——r
hik d bl SLUBIINL A en ot

from reservmr then the corresponding G, equals G, the initial gas in-place.

3.4 Fluid Flow in Porous Medium

The fluid flow equations that are used to describe the flow behavior in a
reservoir can take many forms depending upon the combination of variables presented
previously (i.e., types of flow, types of fluids, etc.). By combining the conservation of

mass equation with the transport equation (Darcy’s equation) and various equations of
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state, the necessary flow equations can be developed. Since all flow equations to be
considered depend on Darcy’s law, it is important to consider this transport

relationship first.

3.4.1 Darcy’s Law
The fundamental law of fluid motion in porous media is Darcy’s law. The

mathematical expression developed arcy in 1756 states that the velocity of a

homogeneous fluid in a porous me f&rﬁfnal to the head (or potential), and
inversely proportional he flui JlS a horizontal linear system, this

T —

relationship is: 7

where

-
Il

N
Il

U= viscosity, centi
dp/dx = Pregne gradien
direction:as v and ¢

- F HEAVIERI NN

The n%atlve sign in Equation (3.6) 1s‘Edded becauseq_tjle pressure gradient

5 D G AT R Bt v o

gradient is positive and Darcy’s equation can be expressed in the following

Spheres per&ntimeter. Taken in the same

generalized radial form:

v=dr _ 5(@) (3.7)
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where:
qr = volumetric flow rate at radius »
A, = cross-sectional area to flow at radius r

(Op/0r), = pressure gradient at radius

v = apparent velocity at radius

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

For a fully penetrated well s of h, the cross-sectional area A4, is

given by:

(3.8)

Darcy’s equation 1s'needed. When t

equation can result ﬂerlous €eITors.

342 Raaﬂ WHANINT NGRS

For a scous (laminar) gas flow in a hcmogeneous radzﬂ_,system the real-gas

s |l T A b s

p, temperature 7, and volume V-
n=-— (3.9

At standard conditions, the volume occupied by the above n moles is given by:
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RT,
Vo = 20000 (3.10)

Psc

Combining the above two expressions and assuming z,. = 1 gives:

ﬂ - pSCVSC (3 11)
Equivalently, the.above relati on/ pressed in terms of the reservoir

condition flow rate ¢, i on flow rate g, in scf/day, as

(3.12)

Rearranging:

(3.13)

where:

Ny et
ﬁfﬂ:ﬂﬁmﬂ%‘v@ﬁﬁﬁ%

(. standard temperature in °R and=,

V" kbl ek 173 V1)) A

D1v1dmg both sides of the above equation by the cross sectional area A and
equating it with that of Darcy’s law, i.e., Equation (3.6), gives:

gL T( ! )qw — ~0.006328 %92 (3.14)
A \T, 2rh o dr
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The constant 0.001127 is to convert Darcy’s units to field units. Separating

variables and arranging yields:

[ oo =St -ph)  G15)

qscpSCTzlu zﬂ_
1 p -

(0.006328)(27) T kh

Assuming that the product of z/4 is constant over the specified pressure range

(pi - p3) (3.16)

Then,

(3.17)

where:
= gas flow rate,

k = permeability, mD

h= reservoxr? s
r = total lengt 2f the radial system, ft

“""‘Wﬁa‘*ﬁﬂﬁm umawmaﬂ

0.703533kh(p; — p.;)

= 3.18
I T Gu ) Im)+5) o

It is essential to notice that those gas properties z and u, are very strong
functions of pressure, but they have been removed from the integral to simplify the

final form of the gas flow equation. The above equation is valid for applications when
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the pressure is less than 2000 psi. The gas properties must be evaluated at the average

pressure.

3.5 Discussions

This chapter describes the basic theory and techniques used to describe the gas

and water flow in the reservoirs. Reservoir simulations can be used to describe the

AULINENINYINS
MR TUAMINYAE



CHAPTER IV

ORGINAL RESERVOIR MODEL AND SIMPLIFIED
RESERVOIR MODEL

This chapter describes the selection of actual reservoir model for the study,
their characteristics and resulting production profiles. Setting up of simplified model,

assumptions used and matching results are flso discussed.
-
4.1 Description of Original Reservoir Model
The reservoir t’gpdé'r

the GoT. The selections

{he study is selected from available reservoir model in
ap'the mk
nt ‘as outlined in Chapter I. Two models have been

el that 1s best described in terms of geological
setting/depositional enyiro
picked: one for bar sand and a ther foSchannel sand. The bar sand reservoirs will be

representative of thi a rescrvotr's ‘and the channel sand reservoirs will be
.")':, #]

representative for thick,lar resqnvo irs W}’llch normally connected with aquifers.

K

(-

=

4.1.1 Bar Sand Reservoir_'l_\llodel 7 2

Bar sand resérvmr model has been well-ldentlﬁé from geological modeling in

combination with* Q'fD Seismic amplitude anomaly and‘l well log correlations. The

geological setting of'bar sand reservoir is shown in figure 4.1
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- Sumr

Based on data collecfte“d—__and correlated, the reservoir possesses following

] 4'"'} -

reservoir characteris&ics:

L

L= = U R

V.
Reservéif}ﬂmd type: We’f_ G as
Top reserjg')ir depth (ft): 62%)6
Average ;}{ickness (ft): 61_.’4
GWC'depth (ft): 6360
GRY (MMrcf): 1,714
NetitorGrass«Sand(%): 0% 100%( Arverage 25%)
Porosity (%): 10%™- 35% (Average 21%)
Permeability (mD): 22-1000
Average reservoir pressure (psia): 2955
10. Reservoir temperature (°F): 294
11. Reservoir fluid SG (air = 1): 0.97
12. OGIP (Bscf): 8.57
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The reservoir model was built based on the collected geological data. The
details of input data for simulation are described in Appendix A. Summarized data for
reservoir model including phase equilibrium data, reservoir and fluid properties are
described below. PVT properties and rock properties are tabulated in Table 4.1.

a) Case Definition

Simulator: Black Oil
Model Dimensions: er of cells in the x direction 56
@“ cells in the y direction 120
§ Nu s in the z direction 4
— - -

Grid type:
Geometry typ/ !

b) Grid
Properties:
111t3:,’_"k mD
" 2 A b4 j.f
mD
e 2.2-100 mD
/¥ ,
Gross thickness. 15.4  feet/ layer
s-ﬂ‘_—, '__j’l‘;. f i'
u,l"t Net to Gross Ratio @ o (Average 25%)

Ir']

Table 4.1: PVT propel'tiggof reservoir ﬂqids and rock properties

B LOLAONDILOALT BALD LA &\ Lo

Water 17| 14 [ Rl pai ] | [ fezs | oo

Properties Water EVF at Pref __ 10636, tb/st
R AT PR VIR PR e | =

9 Water viscosibility 9.22 E-06 1/psi

Fluid Densities at Oil density 48.4 (50 °API) b/

Surface Conditions Water density 62.43 Ib/ft°

Gas density 0.060 Ib/ft°

Rock Properties Reference Pressure 4230 psia

Rock Compressibility 5.4029E-6 1/psi
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¢) SCAL (Special Core Analysis)

Initial reservoir properties

Initial Water Saturation (SWAT) 4 0.40
Initial Gas Saturation (SGAS) : 0.60
Initial Pressure : 2,955 psia

The gas saturation and relative permeability relation is tabulated in Table 4.2

28

and shown in Figure 4.2.

Table 4.2: Water saturation’ lative permeabilities

0.4000 / 1.0000 0.0000
0.4411 ),5549 0.0040
0.4822 L £ 02846 0.0183
0.5233 a3 1A 0.0446
0.5644 , - \ 0.0840
0.6056 o 1 SN 0.1372
0.6467 " 192,0,0041 0.2049
0.6878 e 0.2876
0.7289 | — 0.0000 0.3859
0.7700 ﬁrsé‘ﬂfﬁ’*’*’ 0.5000
1.0000 4| 1.0000

oo E 8

0.90 - -

on | ﬂuﬂqwﬂ TNENT

0.70 - ;

0.60. v )

o.ﬁs?lW'l €N ﬂ‘im W]’JﬂEJ EJ

o.4oq- :

0.30 -

0.20 1 -

0.10 -

0.00 T

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4.2: Bar sand reservoirs relative permeability function
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The resulting reservoirs shape, net to gross distribution, porosity distribution

and permeability distribution, pressure distribution, and gas saturation of the bar sand
reservoir are shown in Figures 4.3 to 4.8. Histogram showing permeability

distribution of the bar sand reservoirs are shown under Figure 4.9.

62009 79450000 20475000 29500000 2952500 29550000
6304 Vi SPEP P SV SV SR SR T

6206 22 2 8 e s Arig g s b o 8428 Buas

6483 8402 6500

Figuxfgélf;fi?: Bat _'ngid;i‘eservoirs shape

A\ L

p & —

ijf lz:z Pt
L) o

010000 012857 015333 018000 020667 033133 08000 029667 031333 034000 06667 03833 042000 044667 047333 50000

Figure 4.4: Bar sand reservoirs porosity distribution



Figure 4.6: Bar sand reservoirs permeability distribution
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Figure 4.8: Bar sand reservoirs gas saturation distribution
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Histogram for Permeability Distribution of Selected Bar Sand Reservoir

2500
2000
1500
1000 7 Mean= 74.7 mD
Standard Deviation = 197.6 mD
W/
. ]

£ \

e

4.1.2 Channel Sand Reseﬂmll'rs“f d |

Similar to b&r sand reser;mrs;f tflg “Elf:nnel sanf-reservmrs model plcked has
been well- 1dent1f}' 7 : nodeling if co
amplitude anomaly aixjjd drilled well log correl
sand reservoirs is showﬂn in figure 4.10.
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Figurg 4.10: Eluvial Channel Facies

Based on data’collected and cerrelated, the reservoirs possesses following

reservoir characteristics;

1,

2
3
4
5
6.
7
8
9

Reservoir fluiditype:
Top reservoir depth (ft}):
Averagé'thickness (ft):
GWC depth (1t):

GRV (MMircf):

Net to Grosg Sand(%):
Porosity (%):
Permeability (mD):

AveraZe réseryoit ptessute (psia):

10. Reservoir temperature (°F):

11. Reservoir fluid SG (air = 1):
12. OGIP (Bscf):

Wet Gas

7,875

98.7

8,420

2,704

0-100% (Average 40%)
15% < 34% (Average 21%)
2.4-1000

A 783

347

1.1

49.7

The reservoir model was built based on the collected geological data. The

details of input data for simulation are described in Appendix A. Summarized data for

reservoir model including phase equilibrium data, reservoir and fluid properties are

described below. PVT properties and rock properties are tabulated in Table 4.3.



a) Case Definition
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Simulator: Black Oil
Model Dimensions: Number of cells in the x direction 56
Number of cells in the y direction 120
Number of cells in the z direction 5
Grid type: Corner Point
Geometry type: : ock Centered
Oil-Gas-Water Options: |
b) Grid
Properties: W 4%
)m/ S\ -1000 mD
’ 1000 mD
4-100 mD
feet/ layer
, B \ 00% (Average 40%)
Depth of Top f ‘; ik . 875 ft
Table 4.3: PVT properties gi'gfﬁ;ﬁ%yw :__ @ nd rock properties
Water LA | Reference press 3349 psia
Properties _7_ - Water 5.41.0897 rb/stb
E Wéter viscosity at Pref ﬁ 0.1601 cp
¢ =Water viscosibilit 1.00 E-05 1/psi
Surface Condltions Water density =, 624344 Ib/ft°
o) T BT I GalasbioT T TTE odas £ |
Rock Bropertiesr Refefence Pressure 7 3349 psia
Rock Compressibility 5.4092E-6 1/psi

¢) SCAL (Special Core Analysis)

Initial reservoir properties

Initial Water Saturation (SWAT) ? 0.38
Initial Gas Saturation (SGAS) - 0.62
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Initial Pressure : 2,955 psia
The gas saturation and relative permeability relation is tabulated in Table 4.4

and shown in Figure 4.11.

Table 4.4: Water saturation versus gas and water relative permeabilities

0.3800 . 1.0000 0.0000
0.4233 10,5540 0.0040
0.4667 [ \M’f 0.0183
0.5100 = P 3 i— 0.0446
—
0.5533 0.0529 0.0840
0.5967 ™ 27/ DO N 0.1372
0.6400 JW/EE’N\ 0.2049

0.6833 "4 IIMTFM \ 0.2876
0.7267 4 A1 9000 0.3859
0.7700 & &4 ﬂ.{: M‘\\‘ 0.5000
1.0000 FL. o 00600
=l ﬂuﬂqwﬂu ;;t;;
020 4 N ax :
gﬂm aﬂﬂﬁm ll |

Figure 4.11: Channel sand reservoirs relative permeability function

The resulting reservoir shape, net to gross distribution, porosity distribution
and permeability distribution, pressure distribution, and gas saturation of the channel
sand reservoir are shown in Figure 4.12 to 4.17. Histogram showing permeability

distribution of the bar sand reservoirs are shown under Figure 4.18.
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Figure 4.13: Channel sand reservoirs porosity distribution
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Figure 4.14:#Channel sand resetyoirs Net to Gross ratio distribution

Jhdd
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Figure 4.15: Channel sand reservoirs permeability distribution
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Figure 4"6/:, .(‘hannel'sané'jeservo irs pressure distribution

I Pl o

Figure 4.17: Channel reservoirs gas saturation distribution
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Histogram for permeability distribution of Channel sand reservoirs
900

800 -
700 -
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Mean= 65.6 mD
500 Standard Deviation = 128.9 mD
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Figure 4.18: Histogra 77 i1 sl crvoirs permeability distribution

The dynamic resp { ted channel reservoirs will be described
S ,

under the model matching betwee
LA

The simpliﬁg version odel po&ssing similar response to the

actual model is created msing reservoir gimulation software. This simplified model

will offer bﬂﬁu\g t@ %W@wgs’e}ﬂsiyers can be remodeled

(such as changng the drive meclgamsm) and Esequenced. B&t}er understanding of

the nﬂnwef?fi ﬁﬁﬂﬁm %ﬂ&}ﬁﬁlﬁrﬁx 1. The simplified

model Will have the similar number of reservoirs, similar reservoir inclination (dip

angle), and OGIP to the actual model.
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4.2.1 Homogenous Original Model
Although the OGIP of the simplified model would be matched with the
original model, the number of cells would be reduced; the shape would be slightly
different due to the simplification assumptions.
The homogenous version of the original reservoir model is set up using

average value of the properties shown in table 4.5. Apart from these assumptions, no

| reservoir model.

Table 4.5: Average pro ({édel modification and simplified

faro
| — .4 T—

model geM .

other modifications are made to th

Net to Gross (%) 00%="'[\ \25% 0-100% 40%
Porosity (% -33Y% - 15-34% 21%

4.2.2 Simplified
The simplified m eliﬁe_!, 1

i e
-_—

rated using corner point gridding. In order

to reflect the original reservoir’s ‘, the simplified model has been set with
E R -
inclination angle in'ac¢ordance with the or lel. The dip angle of the original

40000

2
L]

q 80300

-10000 0f

sl LI b L]

Figure 4.19: Bar and channel sand reservoirs dip along Y-Y axis
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e LT RS

Figure 4.20: Barjand ehannel sand reservoirs dip along X-X axis

As both bar and/Channel reservoirs héve to be constructed on the same model,
the different in dip angle has.{o-be normalizéd. As a result, the dip angle has been set
to 2 ft/100ft for the Y-Y direction dip and 1,-0 ft/100ft for X-X direction dip. The result

reservoir plane is shown in Figure 4.21.

Figure 4.21: Simplified Model Reservoir Plane
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The following data has been used for setting up of the simplified model.

a) Case Definition

Simulator: Black Oil

Model Dimensions: Number of cells in the x direction 15
Number of cells in the y direction 45

ber of cells in the z direction 4 (Bar)

5 (Channel)

Grid type:
Geometry type:"ﬁ!" 3
Oil-Gas—Wate/
b) Grid

Channel
Properties: * 21%

18.9 ft/ layer

40%

7,875 ft

y setting active cell in close

etn the original model and

Figure 4.22: Shape matching between original and simplified model for bar sand

reservoirs
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I

1l and simplified model has been
made by adjusting ( lune, 1 O, rater in place and initial reservoir
pressure to best matc 1g 1€ ' in Table 4.6 under section 4.2.4. The

deviation for simplified mo 3 ! : data investigated.

§ the well model has been

created using Pro Soﬁware._ The on monobore well design

which is widely appgd in the G as a wglbore diameter of 6-1/8 inches
with 3-1/2 inches produgtion casing (inside diameter of 2.992 inches). The well is

secoratcd o YRR D VDRI PSS AN Sroi cet i cch e

The schematic'of wellbore and coxaﬁguratlon is shown in Flgure 4.24.

ARIANNIE wnwmaﬂ
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7
4-H j
@rem S i
9 5/8° Casing Shoe &
5’.&% N HE —«%
chematics
The well’s configurati 7, deta set up of VFP model can be found in
i A
Appendix A. As
Fluid Type: .
Method: E
Inflow Model: ‘a Multil yered (Jones)
vwﬁammmﬁswmm
Variables Run: WHP: 14. 5 3250 psig

ARIAN T YRTIITS ¢

4.2.4 Matching of Original and Simplified Model
In matching of the original and simplified model, following steps are taken;

a) Static Model Matching
Since the rock and fluid properties are kept similar between the original and

simplified model, the model is matched by 2 variables:
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(a) Adjust the reservoir inclination angle until the GWC contact and
initial reservoir pressure are matched.
(b) Adjust the reservoir shape until the pore volume, gas and water in
place are matched.
After various adjustments, the final match is shown in Table 4.6. The result is

further used for dynamic model matching.

SO
- ; "——*”,— -

i, — . S

Table 4.6: Static model matching res

Pore Volume, MMRB ‘/{mnkzﬁk 101.120 101.104
OGIP, BSCF ‘fl ; LR 49.751 49.999
Water In Place, MMbb1 | / ‘5\1 190 48.436 48.286
Initial Reservoir N -

Pressure, psia ‘”ﬁ \\ i Sl 13 s

b) Dynamic Mode

Because the reservoi s_gé,_ I and inclination have been set in order to

channel sand reserv

The matching 1s carrled out for gas productlon rates, reservoir pressures,
bottomhole he matching of water
production 1@12@5&?1&3%13\ ater p oductlon (< 0.001 bbl/d)
R

\‘mm URIAINYIAY

Bar Sand Reservoirs Matching Results

Original model and simplified model has been compared for gas production
rates, reservoir pressures, bottomhole pressures, and p/z behavior. In matching of
production rates, the production of bar sand in the reservoir is capped at 5 MMscf/d
using single well with 3-1/2 inches production casing size. Although the erosion limit
for this tubing size is at 20 MMscf/d. The matching is done at lower rate in order to

see the behavior more clearly.



39

Production, Mscf/d
6,000
#Original ®Simplified |

5,000
e
‘g 4,000
=
g
S 3000
c
o
g
T 2,000
o
o

1 S, .. .

01-Jan-09 16-Ma 38ept1d f0o-Fet 4-Ju 5-Nov-15 20-Mar-17 02-Aug-18 15-Dec-19
Figure 4#25:/Result ef medel ma o, Production rates
°rofiles
3,500
g r Resenvir P« Simplified BHP

3,000 S Y

2,500 m
" ,
‘B -9 s
o 2,000 ' '
¢ NENINEINT
2
@ 1500
& ¢ o o/

01-Jan-09 16-May-10 28-Sep-11 09-Feb-13 24-Jun-14 06-Nov-15 20-Mar-17 02-Aug-18 15-Dec-19

Date

Figure 4.26: Result of model matching, Pressures
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P/Z versus Cumulative Productions
4,000

¢ Original = Simplified

3,500

3,000

2,500

P/Z, Psia

1,500

1,000

500

5,000,000 6,000,000 7,000,000

The result deviation l*.r; en original and simplified model is
' Tl
shown in Figure 4.28. The deyiation as percentage difference in production

rates, reservoir pressures, T ressures. Most results are found to be

21008
i

e

accurate within + n rate shows more than 10%

deviation in the latg'
which can be cons@red as insignificant. e de

T AU Ineninens
AN TUNN NG Y

)V roduction rates at the time,

tion is, therefore, considered
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% Deviation between Original and Simplified Model

40%

30%

20%

10%

% Deviation

-10%

-20%

-30%
/ - Pressures - Bottomhole Pressures

-40%
0% 10% 0% 70%  80% 90%  100%

7Ty ;,
Figure 4.28 rm' sdel matching, deviation plot

Wrdo;
Channel Sand Resegvoirs w; _ﬁf;"
In order to confi al matching scenario has been set for

channel sand reserv01rs ;‘4:

aquifer. Numeri $_~— --------------- th 10 tim J d 20 times the size of gas

an be subjected to large connecting

reservoirs, conne ng ':u which is the direction of

1
As the ﬁerfomﬁrﬁ matchin ?‘]s done based on smﬁ e well. The well capacity

s timited b osin b 20 MVRGHd sine $6 b prod

parameters are flowrate, reservoir’and bottomhole pressure, and: p/z behavior of the

KR VAT ITUNWTINETA Y

“The base case matching is shown in Figures 4.29 through 4.31.

meandering channe

on casing. The matched
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Production, Mscf/d

25,000 T S————
#Original ®Simplified
20,000
15,000

10,000

5,000

01-Jan-09 16-M

Figure 429/ sult $f 1 mat \ Production rates
Profiles
4,000
3,500
3,000
2,500

2,000

1,500

T 2 > T T 1

01-Jan-09 16-May-10 28-Sep-11 09-Feb-13 24-Jun-14 06-Nov-15 20-Mar-17 02-Aug-18 15-Dec-19
Date

Figure 4.30: Result of model matching, Pressures
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P/Z versus Cumulative Production
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The result deviati liig betveen o iginal and simplified model is
shown in Figure 4.30. Simila ‘7 ‘rese /€ irs, most results are accurate within
+5% deviation. Although' the Oprodiiction shows more than 10% deviation in the
late life, it is associated with very luction rates at the time. The deviation is,
therefore, considere F—
: Smpliﬁed Model
40%
ﬂ VIEJ‘V]?WEJ']ﬂ‘i
e P U 7
&
g
S
[
[=]
N

(-20%)

(-30%)
= Production Rate a Reservoir Pressures - Bottomhole Pressures

(-40%)
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% Cumulative Production

Figure 4.32: Result of model matching, deviation plot
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Numerical Aquifer Matching Results for Channel Sand
For the additional simulation with large numerical aquifers, the model
matching result are shown through Figures 4.33 to 4.35 for aquifer size of 10 times of
gas reservoir size and 4.36 to 4.38 for aquifer size of 20 times of gas reservoir size.
No change to either original or simplified model, including well location, is made

apart from added aquifers.

25,000 e _— 5 L - emsememeemeseecee ooy

15,000 F-----eoo--oooor--id

10,000

Production Rates, Mscf/d

5'000 . R — - -4

T

01-Jan-09 -n:——s-!l—~---—EE-L-—A-u—f!g-.—--w—--ee,w.;;. | 20-Mar-17 02-Aug-18 15-Dec-19

——am )

lﬂf model matching, Production rmes. Aquifer size = 10 x gas

AT nenIneng
RINNIUUNIININY

Figure 4.33: Resu
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Pressure Profiles
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Figure 4.35:  Result of model matching, deviation plot. Aquifer size = 10 x gas

reservoir size
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Result of model matching, Pressures. Aquifer size = 20 x gas

reservoir size
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% Deviation between Original and Simplified Model
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Figure 4.38: i t Aquifer size = 20 x gas

The matching res channel sand reservoirs show that
simplified model is-matched with small At ¢ the study is intended to
. \.

. A
compare the performa '\*:g uence within same bar and

channel model, this de iation is considered acceptable:-

all below IOET ﬁ/ for Gumulative production of
up to 90% of ultlmate recovery. &

’QW’]&NﬂiﬂJ NN Y

Table 4‘.'7. Recovery Factor obtained from model matching

Bar Reservoirs 75% 79% 5.6%

Channel Reservoirs, Base case 67% 69% 3.2%

Channel Reservoirs, Aquifer size

= 10 x gas reservoir size 08% e G
h IR i i i

Channel Reservoirs, Aquifer size 68% 729% 6.5%

= 20 x gas reservoir size
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From the matching result, it is found that it is possible to generate simplified
models which possess similar static and dynamic response to the original reservoirs
based on single well approach. Therefore, to use simplified, homogeneous model for
further study would give similar results as using original model. The outline of

investigation and results is discussed in Chapter V.

AULINENINYINS
ARIANTAUNNING 1A Y



CHAPTER V

RESULTS AND DISCUSSION

This chapter presents the results of the study. The effect of production/
perforation approaches on the reservoir recovery efficiency under different drive
mechanism and reservoirs arrangement is investigated using the simplified model that

tested to match with original bar and chlar’lrpe/l,sand reservoir model.

5.1 Model Arrzl:l_;g,;ement‘[J
The simpliﬁed.»n‘lo/’ s

that may have an effe

18’ set ui by two main characteristics of the reservoirs

n pegfofation Strategy determination:

1.  The size rvoirs: In the GoT reservoirs there are two types of
sand reser ne is'bigs continuous and thick as mostly encountered

Therefore,ﬁ'phttmg these two characteristics tég_gther would results in four
layered reservmrs*’JfE he simplified reservoir model ;;%Jhed in chapter 4 is used as
representative model in this study. The matched channel sand reservoirs represent the
thick, continuous reservoirs, and the matched bar sands reservoirs represent the small,
thin reservoirs. Hot permeability, 20 mD) is ¢hosen for low permeability reservoirs
while 200 mD'is chosen for highspermeability reservoirs. The.result combination is
shown under Table 5.1. The top depth of the reservairs is 6,200%eet same as top depth
of the 'original model. Each layer is 100 feet apart, with shale (inactive cells) in

between. The initial reservoir pressures are assumed to be hydrostatic.
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Table 5.1: Model arrangements

Reservoir Size Permeability
1 Thick 200 mD
2 Thin 200 mD
3 Thick 20 mD
4 Thin 20 mD

Due to the combination of each reseérvoir into multi-layered reservoirs, it is
found that single well would not be practieal.approach to drain the whole reservoirs.
For a 3'2” production casing: the ma;ximum gas.rate is around 20 MMscf/d, which
means for a total 104 _Bscf seservoir (2 Thick & 2 Thin), it would take 14.3 years to
deplete. It is anticipated that'4 wells would be required to deplete the study model.

As both reserveirs (Bar jand Ct[gnnel) are separated from each other in the
original model, the ovenlay ©of simpliﬁe'-tlj model can be arranged in such manner that
well placement can b€ vertical as possﬁj{¢. Based on production characteristics of 4
wells placed evenly on the geserveirs, eacl;_ _y\}ell will produce restricted to its available
drainage area, with no flow boundary adjdée’_ht to other well’s drainage area. Under
depletion drive mechanism and homogerEué reservoir, the production of each well
placed evenly in the reservoir (i.e. similar drainage area) would therefore be similar.
Figure 5.1 depicts'tiie well placement in the reservoirs.“Fhe red colours represent gas

zone and blue colours represent water zone.

Figure 5.1: Thick and thin reservoirs, well placements and drainage area pattern
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Under water drive mechanism studied, the connection of water drive is from

the edge of reservoirs as typically found in channel type reservoirs in the GoT. The
impact of water expansion and production through each well are shown under Figure
5.2 using thick reservoir as an example. It can be seen that the pattern of water
encroaching reservoirs are in subsequent manner, i.e., one well after another starting
from the well which is nearest to the water zone and encroach to the next well. This

depletion pattern would result in similar depletion from one well to another, only

f/
difference is timing. / ,f;,
. 3 ==
@ 0 day — ! @ 903 days

T o o

Figure 521 Water enctoachment pattern inreservoirs

Therefore, to ease the analysis, the reservoirs are cut into single well’s
drainage area limit. From recovery performance of water drive reservoirs, the result of
this reservoir cutting into single well drainage will be conservative because the gas
that can not produce after water reaches the well under single well model can actually

flow to next well in the 4-wells reservoirs model. However, this phenomenon is not
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affecting study approach and results as the study is carried out on comparison basis.

The result multilayered reservoirs model are shown in Figure 5.3 below.

Figure 5.3: Singlﬂ;vell model from reservoir model, 'Sle»Wing gas saturation
— ' |

distrib BN L

There are three cdses to be investigated in this study:

1.

Case “: LWhen [allLresenvoirs | aré..'producedt under depletion drive
mechanism. In this simplest arrangement, the reserveirs are depleted based
on the'expansion of gas_ in the reservoirs only. As.'a result, pressure will
plays an important role on production strategy in this case. The case is
initiated to study behavior of pressure and their influence on production
and crossflow issue.

Case 2: When all reservoirs are produced under water drive mechanism. In
the second case, the reservoirs are set to be connected with aquifers. As the
gas is being produced from well, the reservoir pressure declines and cause

the supporting aquifers to expand. As a result there will be an influence
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from both pressure and gas saturations that plays role on optimal
production/perforation strategy determination in this case.

3. Case 3: Commingled production from both depletion and water drive

reservoirs. This case represents more realistic multilayered gas reservoirs

in the GoT.

5.2 Study Scenarios

The perforation/prodn%\\l' ,

3 groups and 1 additi@r'
scenario using bottoqu!’_,

techniques in the g

mder this study can be categorized into
ﬁ@p (scenario la-d) is the set of
‘ ach is one of the widely used
vs the gas to be produced from

lowest reservoir fir; eservoirs in sequence. This

R
method’s strong poin ‘ t?b%reservoir to be produced first,
the shutting-off of the lone easily without concerns that the

ol

e e e
o = — -

S ;}‘,

k"

T ducc erv‘ until fully deplete, and then
open the next upper layer. Production rate at fully
e Fullly deplftg depleted is set at minimum economic limit of 0.5

219 ]¢ | MMSHd. eINAS

B ~ | Produce current reservoir untiFrate decline to half of
1b I%lf depleted | platgau rate (20 Wscﬂd), whichﬂuals to 10

sl il [l b ) = ‘oviu Cl ¥y \ I'.
N IN AN | d Bld o4 V]
Produce curtent reservoiruntil r ps below 20

1b9 production
plateau MMscf/d, then open next upper layer.

Water Shut-Off S.hut. the reservoir once the reservoir produce .
1d (WSO) significant amount of water and less gas to avoid
further water production from that reservoir.

As scenarios 1d involves water production, the scenario is tested on water

drive and combination drive cases where water production is anticipated only.
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The second group concerns with permeability of the reservoirs. It is being

investigated because of the importance of permeability on the depletion mechanism of

the reservoirs. There are two scenarios under this group, scenario 2a where high

permeability reservoirs are depleted first, and scenario 2b where low permeability
reservoirs are depleted first.

The third group concerns with the size of reservoirs. The size of reservoirs

impacts the rate of depletion in t ay that pressure declines are slower in big

reservoirs (given same reservoir | depletion rate). Therefore, in order to

study the multilayered r irs, t o scé ‘added to the study. Scenario 3a is

where the big reservo irs a ted"ﬁrst b is where the small reservoirs
are depleted first ' \ \
The summary {042

e ;a é

Table 5.3:

s below 20 MMscf/d, then open
reservoirs (reservoir 3 & 4).
ermeability reservoir (reservoir 3

2b 0 MMscf/d, then open
r$ (reservoir 1 & 2).

T‘lhn': ~d ctyoir (reservoir 1 & 3) until
3a [Mscf/d, then open thin

reservoirs first

reservoirs reserv01r 2&4).
: frds = ervoir 2 & 4) until rate
3b F i Id ﬁo% %ﬂ open thick reservoirs

(reserv01r 1 & 3)

il B TUHNII DUV e

productlon altogether since first date of production. The production plateau is set at 20

MMscf/d as previous scenarios.

5.3 Monitoring Parameters

Optimal perforation/production strategy is defined in terms of optimal
production out of the multilayered reservoirs. Certain aspects of production are

focused in this study. The monitoring parameters include:
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1. The level of cross flow through well. The level of crossflow is determined

as % of OGIP. In multilayered reservoirs, one of the key issues is the

crossflow from one or more reservoirs to others through the well’s

perforated sections. The crossflow may result in loss or reduced recovery
factors if the crossflowed volume cannot be recovered.

2. The time to recover the cross flow volume. Corresponding to the level of

crossflow, the time to ery such crossflowed volume is another

oV
TW; is delayed by the crossflow effect.

factors. The time to deplete the

reservoirs u VO rs (depends on study case) is of
economic i ' ister the recovery, the better the economics.

concern as the hy

3. The time to

Since the foration/production scenarios,

certain RF i

30%, and ¢ C _ ‘, s 1 1 production from depletion and

water drive) i reach ultimate recovery is also

54 Muﬁlw%ﬂwﬁﬁﬂfﬂ'ﬁmunder Depletion

Drivel

Y RPGE § WA B G s o

mechanism. The study model employs basic single well drainage reservoirs as
depicted in Figure 5.3. The model has been put into production under various
perforation/ production scenario outlined in section 5.2.

The result from each scenario is shown in Table 5.4 below.
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Table 5.4: Depletion drive case simulation results

1 Bottom-Up

la Fully depleted 17.46 20.59 80.47

1b Half depleted 6.18 11.79 77.56

//A‘\\N\ 6.20 | 11.84 | 77.11

2 Permeability selec ll / g ‘ '\
\

High perm
2a
fir

lc

6.58 11.02 76.79

Low pe
first

2b 6.27 11.90 77.06

3. Reservoir size selective -

3a 7 .3 — T l627 | 1200 | 76.95
reservo AEI.I

Thin res?vo s

3b 6.27 11.90 77.05

QTSN ORI peim [ o

The following are observed from the table:

1. The level of crossflow is in a range of 0.01%- 2.46% of the OGIP. Based
on model (4 reservoirs) OGIP of 30 BCF, the crossflow volume is in a
range of 3 MMscf - 0.73 BCF.

In terms of trends, scenario la, has highest crossflow of 2.46%, scenario

1b has crossflow of 0.98%, scenario lc to 4 has relatively lower level of
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crossflow (0.48% down to 0.01%) this is directly associated with the level
of depletion in the reservoirs. In scenario la, at the time next reservoir is
open to flow, the current producing reservoir is depleted to minimum flow
and hence the reservoir pressure is at minimum. In scenario 1b, the current
producing reservoir only half depleted and therefore the reservoir pressure
is higher than scenario la. In other scenarios each reservoirs is open to
flow one after another short period of time (because of trying to

I) fore the reservoir pressure is relatively

maintain plateau g‘rod‘u
high and cro%{s smaller ssflow issue is studied in further

details in section 5.4 |. ,ﬁa..‘.;
2. The time to CTOS ﬂow ranng unable to recover, to as low

as 35 days e to recovery indicated in the table does not

means that wed ;bﬁi ¢ is lost in the reservoirs but rather means

pressure depletlon aS‘TIbserv m the table. If the reservoir pressure of
the resé’_ﬂvoxr is lower than the myell’s flowing bottomhole

would flow into the lower
pressure j{}servoir.' It cns whertjhe reservoir pressure of the
crossflowedireservoir is depleted, there will be less chance to recover, and

ofe} i S YL VS S Bk A here reservorr pressure

of e crossflowed reseg,vmr is still h1

PR STHIRHAR YO e
recovery factor between each scenario is low, especially from scenario 1b
to 4, where the RF is between 76.79% to 77.85%. This is because of the
drive mechanism of the reservoir itself. Under depletion drive mechanism,
the recover efficiency of the reservoirs depends on level of depletion.
Therefore, if the reservoir is depleted to same abandonment pressure in all
scenarios, the RF% would be similar.
For scenario la, the reason the RF% is 80.47%, which is highest among all

other scenarios, is because of the late opening (by allowing each reservoir
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to produce as long as possible up to minimum economic limit) of each
reservoirs allows wells to sustain production above wells economic limit

compared to other scenarios.

5.4.1 Investigations on Crossflow through Well
A detailed investigation is made on the crossflow issue using the highest

crossflow scenario, scenario 1a, as . The crossflow rate of each layer is plotted

over time in Figure 5.4.
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exceeds the reservoir pressure, or to be more specific, the near wellbore pressure. This
event would unlikely to happen at initial time because the reservoir is not yet depleted
and the reservoir pressure is still high. The crossflow will start from middle to late life
when one or more of the reservoirs are depleted to near well’s bottomhole flowing
pressure. As shown under Table 5.4, there is variation in time to recover the crossflow
volume. If the crossflow occurs at late life, the time to recover will be long, or even

unrecoverable as appear in scenario 2a.
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From the darcy’s equation for pseudo-steady state gas flow,

0.000703kh(P} - P;,)

(5.1)

g
LZT In(0.472 ¢ + §)
¥.

w

Which means that for the rate of gas crossflowed into reservoirs, the rate

depends on reservoir pressure, w

bottomhole flowing pressure, permeability,
reservoir thickness, gas vis ,

ssibility factor, the well’s drainage
radius and well’s tubin ﬁr. If we compare each reservoir’s
—

ability to get crossflowe

_ %
(P =Py

are in terms of Injectivity Index,

since ssure and therefore different

drawdown. If we rearr injectivity index form, the result

would be,

Q,
(P = Py)

= (5.2)
uZ P In(OA S
S T
Figure 5.5 plot
The LHS is obtai ‘5“' rom rese

ecflyity index equation together.
., while RHS is calculated. It is

found that for low permeability votrs, the crossf@v injectivity index follows the

theory. However, there’s, variation ingthe high permeability reservoirs as the

injectivity mﬁ&%%}ﬂyﬂﬁ %i@?ﬂaﬂaﬁ}:ﬁtﬁigures. The cause of this

variation need$further investigatio‘ns.

RINNIUUNIININY



60

Injectivity Index (Il)
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—— Reservoir 2 LHS —— Rese Reservoir 3 RHS —#— Reservoir 4 RHS

alculated injectivity index

From the observation ﬁc rossflow amount depends on pressure

difference, reservoir volume, and how €asy or difficult fluid can get into the

. sflow, the reservoir pressure
and the rock and ﬂuEpropey 0 [VOIr in t@ multilayered reservoir should

be analyzed in accordance-with Darcy’s equation over the lifetime of the reservoirs.

AUEINENINEING

5.4.2 Conclusnons on Depletion Drive Case

WS BN 2Bl A Bt e s

not large in the model case, it can be larger in reservoir where the rock and fluid
properties are good and difference in reservoir pressure between each layer is high. It
is suggested to avoid the opening of new layer when the depleted layer(s), or current
producing layers’s reservoir pressure is low because the crossflowed volume will be

difficult to recover.
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The recovery efficiency in each case is almost similar. This is due to the
depletion drive characteristics of the reservoirs. At similar abandonment pressure of
each reservoir, the RF would be similar.

Based on the study results, to produce all reservoir together since day 1
(scenario 4) would provide optimal solution to the depletion drive multilayered
reservoirs case. Under this scenario the crossflowed volume is small, the RF is similar
to other scenario, and the time to 1 ery is among the fastest. This scenario also
have other practical benefit such ‘hs\(no{

%« 1l intervention (i.e., to perforate others
reservoirs) and reduce thw of tool @h.

_f -

5.5 Mutilayer / @erfo}m@ce under Water

Drive

The second
mechanism. This case

when all reservoirs are

5.5.1 Model Set Up ,;;V;,«;“ mﬁ_

Numerical Qﬂulfers each w1t}f size of 100 t e! of gas reservoir size of their
L~ S— — . »
connected reservoiry is set.

er pro 1€ set to be the same as their
connected reservoiryAquifer‘ initial pressure is set @ be in equilibrium with their
reservoirs, i.e., hydrostgtl

Anotﬂ %W%J %{1} 1} WE‘jﬂxﬁ‘ﬁodel is homogenous, the

effect of hetetdgeneity in the water drive reservmrs can not be taken into account.

Hete&ﬂ\ rﬁ-‘ mm H) ?Vl ﬁI/ ﬁ well and hence
trapping of gas be s a result, the recovery factor of the reservoirs is reduced.

Under homogeneous reservoirs, the water will sweep the gas towards the well and
improve recovery factors of the reservoirs.

A model check has been carried out to see if this is the case. The result is
shown in Table 5.5. The recovery efficiency is reduced down to 50% when support
aquifer is active, which is in-line with typical RF% on water drive gas reservoirs (use
scenario la as comparison basis). The model is therefore used without further

adjustment.



Table 5.5: RF% comparison between depletion and water drive case

The result fro 5 sho ‘L in Table 5.6 below.

d
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Table 5.6: Water drives case simulation results

1 Bottom-Up

la Fully depleted | "\ ,, 6.11 7.04 50.49
"\,\1.

h-....__“"’-
——‘

1b Half deple "-* 1.58 2.09 39.68

TN [
1d / &\\\\ s04 | 4940

2 Permeability select l n\\\

High pe
2a .ﬁ" T - 1.39 1.75 34.50

2b 33 1.79 36.27

—
3. Reservoir size s¢ q J

Thick’
3a . ' 1.31 1.79 36.52
r |
ﬁm : - r ‘§
'l'ré’ ir:
3b x o 1.33 1.76 36.27
St i r (] wi[w n ¥ ]
F119]9F ne I
q
Produce all
4 4 e - 1.33 1.79 36.27
since day 1

The following are observed from the table:
1. The level of crossflow is in a range of 0.09% to none. The level of

crossflow is relatively lower than depletion drive case, which is in range of

0.01%- 2.46%.
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The low level crossflow is observed to be the result of the supporting
aquifers. As the gas is being produced from the reservoirs, the reservoir
pressure declined. The declines in reservoir pressure causes supporting
aquifers to expand and in turn makes reservoir pressures drops to the lesser
extent compared to depletion drive case. As a result, reservoir pressure is
almost always higher than well’s bottomhole flowing pressure and
therefore reduces the ¢ of crossflow through well experienced in

depletion drive case. \\

Among all sc ted 01@0 la, 1b and 3a are found to have

'——':
crossflow. For and Wducmg reservoir is allowed to
deplete to vepylow't ot ess re open the next upper reservoir

‘can ha exl on these two scenarios. For

scenario 3a c at reservoir 1 which is shallowest, high

permeability. ',ate’r{g not exp &EQ?Et and the thin layer is open to
M
flow, the : which‘ 5 highe ir;i\ial pressure (from hydrostatic

2. The time to re vﬁ*"ﬂfef-c.rc‘)
of 14 to 70 days whijh__js shmd This is due to the small volume of

crossﬂqﬂ N §

1 volume, if occurred, lies in the range

. Unlike the depletion drive
case, thegg's significa ce n REI_'j)etween each scenario in the
water drive €ase. The RF is highest with scenario 1a (50.49%) and lowest

off s 20 $od 0620 211 71 9

As will be explained in _further detalls in section 5.5. 3€}here are two effects
QARG A Gy o e o
from reaching the well. Secondly, water that reaches the well is being
produced through the well to surfaces. This water causes higher pressure
drop in the well and hence higher reservoir abandonment pressure (through
higher well’s bottomhole flowing pressure). These effects reduce
reservoir’s recovery efficiency.
When consider the RF variation, it is found that scenario la provides
highest RF because of this strategy provides least water production over its

perforation sequences. The first perforation is on bottommost reservoir
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(reservoir 4), which connected with small aquifer and therefore the water
production is small. The next upper reservoir, reservoir 3 can depletes
more because of small water production in the well at the time it is open to
flow. Also, reservoir 3 will not produce water until majority of gas is
produced. The higher well bottomhole pressure which reduces drawdown

will takes place upon reservoir 1 & 2 only. Therefore, the RF is highest in

this case.

The next case is scen}:r%\ !@ﬁ the water producing reservoir will be
shut off from@oted thaﬁﬁnaﬁo provides slightly lower RF
than scenario _RF“!: 4@3 is because when the water
produciny ﬂ.ﬁ;omwme small part of gas that is

oA
n]y to the lesser extent. Instead of

repeats
allowing minimum flow rates before open
I scenario’ open the next reservoir at 10
MMscf/d (halfof Q@U 2_ d). The thick reservoir, where water
support is large, is. ;p"gg}ast%enarw la or 1d (because the reservoir

is only B’hlf depleted to allow nem# to open). As a result, the

r is reduced.

Scenario j}, and scen gh 4 all s@es similar recovery efficiency

as their produetion characterigtics is similar. The early opening of big

LS AIALIN T WS ATAS permeasity resevor

leads to early watergbreakthrough and high rebrvou abandonment

Q Presstig (nfough figtcf] A&\ SIGAHIIE Frésfufd)) which reduced

recovery efficiency drastically. The effect of permeability on recovery

efficiency is further investigated in section 5.5.4.

5.5.3 Flow of Gas and Water in the Multilayered Reservoirs

The flow of gas and water in the reservoir has been analyzed on the

multilayered reservoirs in order to better understand the mechanism of water drive
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effect to multilayered reservoirs. Scenario la (Open next upper reservoir layer when
current reservoir producing less gas and more water) is used in the study.

Pressure and gas saturation along the X-axis of the reservoir has been analysed
at various timestep. The time steps are chosen according to flow phenomenon in the
reservoir as follows:

a) After 3 days of production. Under perforation scenario la, the deepest

reservoir (reservoir 4) is

’)ed for 3 days. This time step is chosen as

initiation of produc /
b) After 42 day tion. the pressure declines at edge of

reservoir 4 where.aguifer 13 conneeted is observed.

c) At 728 days.efpreduction) At this step.the first water production through
well is obseved \
d) At 1099 days’offprdductions At this ste Servoir 4 is decline below 0.5

MMsct/d™ limit and' resery 3 starts its production. The interaction
7. \

between two reSeryoir is'observed

Figure 5.6 depi e rese; ‘::’ shape along X-axis for reservoirs 3 & 4.

Notice that since the wel faced at th dle of reservoirs, the X-Axis extent of

reservoir 3 starts from cell number 2 t¢ \ere reservoir 4 starts from cell 9 to cell

31.

AULINENTNEINS
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Figure 5.6: A)ﬁlfJfor pﬁgﬁilrean

" —

Figure 5.7 a) — d) shows the press)

- L |

d saturation analysis
\

¢ profile and saturation profile along the

reservoirs layers._fEhe Y-axis represents pressure, éxyi saturations. The X-axis

| - ol
represents the celFa‘f_olng the X-directions of the r?ese_t!vﬂlirs, the cell number 1 is at

updip, and increasing,lcell number represents location downdip of the reservoirs. At

the edge of downdip ofireservoirs is wheréithe aquifer is connected.
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Pressure Profiles along X direction at 728 days
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Gas Saturations along X direction at 728 days
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d) at 1099 days of Production (well FBHP = 631.8 psia)

Figure 5.7: a-d) Pressure and Gas saturations along the reservoir at various times

There are 4 timesteps showed to describe the tflow behavior in the reservoirs:

a) After 3 days of production (i.e.,

the time when reservoir 4 flowed for 3

days). This timestep shows the reduction in reservoir pressure as the gas is
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produced. Water is not expanded yet as the pressure reduction only occurs
at near wellbore area.

b) The time when reservoir 4 flowed for 42 days. This timestep shows the
reduction in pressure along the reservoir (the gray line represents pressure
profile at step a) (3 days), for comparison purpose) to the supporting
aquifers. The aquifer expands, and reservoir pressures near them (cell 20-
25) gets higher (but n ' high as original reservoir pressure). Gas
saturation reduced oh‘ler

f side (cell 19-20) as water moves
towards the WQ _____g

c) The time whe ir E'owed%days At this timestep the water

reaches the s\ see bMd gas saturations on wellbore

lowered to around 2200 psia at

area, cell

9-16).
d) The time wiien geservoir 4 f

for 3 days. In thi t.i:Tm‘tep ; oir 3 is opened to flow. The pressure

and gas saturation gmﬁgbum%s_mllar to reservoir 4 at beginning of

et L

produc,udn Except in th1s case thg_wﬂlf mhole flowing pressure is
higher an time step b) due to iction from reservoir 4, causing
the drawddwn on reservoi er than if @ water is present.

As a summary#testhe phenomenen observed, the effects of water drive in

multilayeredﬂ%%‘lar'at\%qfﬁdsw @tWr%Jagasﬂuﬁas as it flow towards the

well. 2; the wﬂ‘!er production kee;ks bottomhole aressure increaasg, which prevent the
"] RN TRHNATNLI] Y
5.5.4 Factors Effecting Performance of Water Drive in Multilayered

Reservoirs

Another study on the mechanism of water drive in multilayered gas reservoirs
is the factors affecting the performance of the multilayered reservoirs under water
drive. There are 2 parameters that being investigated: The size of aquifers, and the

permeability. Table 5.7 shows the %RF of each reservoir in the model under different
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aquifer size. Table 5.8 shows the %RF of each reservoir in the model under different
permeability. For Base Case, the aquifer size is 100 times of the gas in place at
reservoir conditions, with the reservoirs permeability of 200 mD in all layers. All
other parameters remain unchanged throughout analysis. Scenario 4 (produce from all
reservoir together since dayl) is used as comparison basis as it provides more insight

on how each reservoir contributes to total production.

#/t/"nes of gas in-place at reservoir

Table 5.7:  Sensitivity on RF on

conditions é

Overall
Reservoir 1

Reservoir 2

Reservoir 3

Reservoir 4

Overall
Reservoir 1 33.7%
Reservoir 2 4515%. _30.0% &/ _26.0%
Reservoir 3% ) 09 1 | j
Reservoir 41,| 54.4% 30 3% 26 3%

s

) ST Y G o pe

reservoirs 2 and 4 are smaller than reservoirs 1 and 3, their aquifer size is also smaller

than reservoir 1 and 3 (because the size of aquifers is relative to reservoir size). This
fact makes the change in recovery factors of reservoirs 2 and 4 smaller than change in
recovery factors of reservoir 1 and 3.

Despite significant change in Aquifer size, it is found that the highest effect to
the recovery performance of the reservoirs lies in the reservoir permeability. Further
test is made on permeability to check whether there’s threshold where permeability

starts to effect recovery performance as found above. The result is shown under table
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5.9. At low permeability cases (5 — 100 mD), similar RF are obtained from each
reservoirs. At very low permeability (5-20 mD), the RF varies according to reservoir
size. RF from reservoir 2 & 4 (same reservoir size) is the same, while RF from
reservoir 1 & 3 (same reservoir size) is also the same. At higher permeability, the

RF% spread wider between each reservoir.

Table 5.9:  Sensitivity on RF for y '1.' ion in permeability

Overall | 28.2° .w.;][m“ 49.2% | 52.7% | 53.0%
Reservoir | | 28759 La87i% |,36.8° wa 47.4% | 52.1% | 50.8%

Reservoir2 | 26909, J“"‘Z’&!‘“ | 40.3% 145.5% | 51.8% | 54.2%

Reservoir 3 | 290% WB4004 | 43.0% | 47.3%4850.3% | 52.1% | 52.9%

Reservoir 4 | 26398 | A0 jﬂ' \ﬂ\i‘! 54.4% | 58.2% | 59.7%

The result is dgpicie Figure 5.8 foroverall RF. Note the Sharp change
in effect of permeabili HaS00 00 mD, permeability plays very
important role in overal pérmeability has relatively small
impact to the RF. Further investigation is ded to explain the impact of permeability

on overall RF as o bse
Effect of-Pe o re o water drive

] J
60.0%

ﬂ'lJEJ’JVIEJT‘I‘iWEJ’lﬂ‘i :

!

wﬂaﬂnimumwmaﬂ

0 200 400 600 800 1000 1200

Figure 5.8: Effect of permeability on recovery efficiency in water drive reservoirs
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5.5.5 Conclusions on Water Drive Case

Under water drive on all reservoir case, the crossflow is very small in all
scenarios and make the issue of less importance. The time to recovery and recovery
efficiency is of more concerns.

Scenario la (to deplete the reservoir until gas rate is low and water production

is high before open next upper reservoir layer) provides highest recovery efficiency,

3 P§rforming WSO as per scenario 1d did not

i ime  either. other hand, to open all reservoir to
production since day 1(see Jaric Ovi - of the fastest recovery, but the
T—

recovery efficiency is V 7 ~—
Hence, the opti 10} 18 \ N 'e both extremes. This can be

achieved by performi s teservoir once the well’s starts

to produce signiﬁcah e decision on how early such
WSO is required (i.c., eviel N water production to shut off the
zone) is subject to t irough allowing the reservoir to
produce more water) ec_i‘& *“f mental water production, and the level of
prolonged time to recover Jguch ~reser: This, in turn, depends on reservoirs
characteristics & properties such i_!—s permeability, relative permeability to gas and
water in the rese ! : | etc. as well as production
contribution from tpdip

An additiona 1' ase has been vestigated to temthls concept of early WSO by
shutting o vFi resefveits when cumdldtive water fp]roductlon reaches 50% of

a

u(&.l g %l’ﬂ&lvﬁim&;l illy depleted). The result

shows that Re?overy efficiency isgncreased to 44% with time tg reach 30% recovery

o1 R VEEATRHMAN I o 0=

WSO 8f the water producing reservoirs would be the most optimized strategy for

cumulative

water drive reservoirs.
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5.6 Mutilayered Reservoir Performance under
Combination of Depletion and Water Drive

Mechanism

The last case investigated under this study involves multilayered reservoirs
where some reservoirs are under depletion drive mechanism and others are under
, quifers. This case is the combination of both
case 1 (depletion drive mechanism) and £3 (water drive mechanism) discussed
earlier, and the study resul Bontensc | 4oth be used to explain the results

from this case. A sepai =

water drive mechanism from conne

this case. The description of the

model is described in next'Sce

5.6.1 Multilayered
Up

A new model hag' b %@ hfor th ase.

thoroughly, up to 8 resCrvairs isiCréated diof the reServoirs are under depletion drive

. ation Drive Model Set

n order to be able to analyze

mechanism. Another 4 rese f ‘are'u water drive mechanism. The reservoir
arrangements follow Table S:6-7

7 = X
Table 5.10: Rese o?-ljl.. r'." emoel

00 niD

€200 mD e/
r.
1 151] ﬂr S EJ
L DL = ]
94 hin

5 Thick 200 mD Yes

6 Thin 200 mD

7 Thick 20 mD Yes

8 Thin 20 mD

Under the 8 reservoirs study model, the OGIP is increased to 60 BCF. Single

well approach is still used despite higher OGIP because of the ease on the analysis
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and improved focus to the effect of recovery mechanism. Based on case 2 study
results, the effect of water is more on the thick reservoirs (as the aquifer is bigger),
therefore, all the thick reservoirs (reservoirs 1, 3, 5, and 7) are modeled to be
connected with supporting aquifer. The aquifer size is 100 times of the gas reservoir
size similar to case 2. Fig 5.9 shows the shape and pressure distribution along the
reservoirs. Fig 5.10 shows the gas saturations on the reservoirs.

With the modeled arrangemert r)f reservoirs, there are some implications to
the production/perforation seenarios. ///ﬁ scenario 3 where the perforation
scenarios are based ongtype-of reservomﬁ;ck and thin reservoirs), another
implications is that thw scenJlo is Béé—éﬂm drive mechanism, since thick
reservoirs are all watey&ﬂ( fhin reservoirs aredepletion drive. Therefore:

1 t = water.drive ﬁrst

Scenario 3a = ofr £

Scenario 3b = thifl refcfv it fir st—“' depletlon deive first.
This implication i

can be studied by this#et

Figure 5.9: Model shape and pressure distribution for combination drive model
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5.6.2 Slmulatlun‘, Results for Multllavered_Regprvmr Performance
X J

under Com-bmatlon Drive -

Table 5.11 listed the simulation results for this Case.
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Table 5.11: Combination drives case simulation results
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T

AR

1. Bottom-Up
la Fully depleted Infinite 12.81 18.69 55.14
1b Half deplet ite 5.30 20.91 52.96
lc | Maintain plafé: 4.06 5.69 | 51.66
1d WS - 14.89 21.36 60.61
2. Permeability sel ),
2a High pe 1 4.06 6.60 52.75
2b Low per 7 4 1 4.06 6.02 52,22
3. Reservoir size sel i ctive
Thick (Wat =
3a drive) reservoirs , ; finite 4.06 6.54 51.13
Thin
3b drive) r oirs nfinit 4.06 6.06 52.56
first ¢ o, _
13
Pgroduc;:e all
. L 50.74

The following are observed from the table:

1;

The level of crossflow is in a range of none to 3.11%. The level of

crossflow is relatively higher than depletion drive case, which is in range

0f'0.01%- 2.46%. The crossflow in this case is also higher than water drive

case where crossflow is minimal (none to 0.09%). The reason for increase
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crossflow is due to different drive mechanism, as evidenced by two earlier
cases.

The extent of crossflow depends on two factors as discussed in section

5.4.1:

- The pressure difference between the well’s bottomhole flowing
pressure and reservoir pressure.

fluid properties.

Based on these t depletion drive reservoir are more
susceptible to ci@ssilo =e€1ireideclines upon depletion process,
. »: . - - d . . .
without aquif ‘While_forswater drive reservoir their pressure
declines is )y quifers. For depletion drive
reservoir in ] it h index, such as the reservoir
a ‘.':‘,
with high pergi€abili e e situation is worse. As seen
in table 5.12, i glelreser ir erossflow can be as high as 40%
of their OGIP. o
: % p
MR
Table 5.12: % Crossflow by regerioir : 1
Overall 22% | 3.0% 6% % | 0.6% | 2.0% | 2.6% | 04%
200 Water 1 d 1% Y 1% 2% 7% 2%
200 | Depletion ' 2% 3% 30% 1%
20 Water ]
20 | Depletion 1% 2%
200 at 5 a | | W 3%
200 | Di ‘1KY o ¥ o] 3% | 24%
20 | Water | N -
20 | Depletion | 8 6%

On the topmost reservoir (reservoir 1), crossflow occurs despite the
reservoir is water drive. This is because of the pressure difference between
well’s bottomhole flowing pressure and reservoir pressure at the time the

reservoir is open to flow. As the topmost reservoir is shallowest, its initial




Table 5.13: Water pro' 0 th
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pressure (hydrostatic) is lowest among other reservoirs. Depending on
each scenario, the reservoir has some crossflow effects.

Another point to be highlight is the effect of different drive mechanism on
crossflow. Where the water drive is allowed to produce first, followed by
depletion drive (scenario 3a), the crossflow are small on depletion drive
reservoir. On the contrary, where depletion drive is allowed to produce

first, followed by wate (scenario 3b) the crossflow is high on

reservoir and scenarios

Overall % Z % 1% 2% 1% 1%
Thick | 200 Water 1 dsaa 2% 1%
Thin | 200 | Depletion | 2 o 1% 1% 1% -1%
Thick | 20 Water 3 e
Thin | 20 | Depletion | 4 ==
Thick [ 200 | Water | 5 | 15% = 1% | 11% 5% 7% 7% 4%
Thin | 200 | Depletion | 6 | -5% I T, 2% | -1% -1% -1%
Thick | 20 | Water | 7 % 1% 1% 1%
Thin | 20 | Depletion | 8 - '

the ter production aspects, Ta 5.13 highlights the water

yi {W‘ﬁ ﬁ OGIP. The yellow cells
ﬁ ﬂﬁ ﬁ ,1\ red value highlight the

crossﬂow of water fromi wells into the reservoirs. Itdssfound that the high

A RN B SR B procucion

Part of this water produced is crossflowed into the high permeability,
depletion drive reservoirs (as shown by negative sign). The water
production occurs more on the lower side of the model (reservoirs 5 and 7)
than upper side. This is contribution from the higher aquifer pressure

(according to hydrostatic pressure) at the lower part of the reservoirs.
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2. The time to recover crossflowed volume is infinite for all cases except

scenario 1d (WSO). Unlike the depletion drive case, the crossflow
becomes more difficult to recover in this case because higher flowing
bottomhole pressure exists in all cases (except scenario 1d).

Again, it is to be noted that the unable to recover (infinite) indicated in the
table does not means that all crossflowed volume is lost in the reservoirs

but rather means that only some part of the crossflowed volume can be

recovered (but not all e /
The RF lies ingange of 50. °@ in this case. The RF is relatively

.49%) but lower than depletion

drive case 46 9% 1 , ble 5.14 highlight the RF by

reservoirs.

:#-,.J-

Table 5.14: Recov Vi reServoirs enarios

Overall 55% A7 % | 53% | 52% | 51% | 53% | 51%
Thick | 200 | Water | 1 ' % | 63% | 61% | 63% | 62%
Thin | 200 | Depletion | 2 o | 60% | 56% | 59% | 61%
Thick | 20 [ Water | 3 | 2% | 40% | 41% | 41% | 36%
Thin | 20 | Depletion | 4 % | 49% o | 51% [UB0% | 51% | 45% | 51% | 48%
Thick [ 200 | Water | 5 : 64% | 63% | 62% | 63% | 62%
Thin | 200 | Depletion 0%~ ek | 0630 ah 1880 Ay 0% 64% | 60% | 63% | 65%
Thick | 20 | Water 1117 i 11 146% o d 41% | 42% | 42% | 40%
Thin | 20 | Depletion 8 50% | 51% | 45% | 51% | 48%

s
q WAANR ieﬁl.lkil WNANE A e v,

white rows are the reservoirs with depletion drive. In general, the RF from
depletion drive reservoirs are higher than water drive reservoir as
expected. There is no significant difference in RF among each scenario
with the exception of WSO scenario (scenario 1d). It can be seen that
water shut off has an outstanding advantage in terms of RF improvement

by improving the RF of depletion drive reservoirs from 60% to 80% for
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reservoirs that their RF are hindered by water production from water drive

reservoirs.

5.6.3 Conclusion on Combination Drive Case
Under combination drive case, Table 5.15 listed the optimal solution to each
issue of concerns. The marks are for scenarios that provide best results for each

monitoring parameters.

Crossflow

Time to
recovery

Recovery
efficiency

strategy must:-

%ﬁfgt ater production.

2. Pﬂucmg water drive wﬁut e‘ﬂ crossﬂow into depleted reservoirs.
ﬁ A!Txaq(eﬁ from the two

m@mmmmmn ik

. Producing from depletion drive reservoirs in commingled production until
all reservoirs is fully depleted.

2. Then shut-off all depletion drive zones.

3. Produced from water zones, all at once. Early production would provide
small amount of water production.

4. WSO on zones which produces half of their expected water production.
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The result is as following:

Crossflow: 0.1%
Time to recovery: 8.1 years
RF: 56%

Which is closer to the maximum RF of 62% and time to recovery closer to the
minimum time of 4 years (rather than 15 years). The crossflow is also minimal. The
case is not a best practice to apply on all other reservoir model in GoT, but it provides
general guidelines to achieve optimal géimPn that can be further developed for

specific reservoir of interest.
-

3.7 Discussions“yi \
Based on thesstudy resulfs, it is found that the optimal production strategy

i
- =

varies with drive mechanis

— il

# E |
reseiwoirs,'.-'gﬁ:produce from all layer altogether, and

perform early WS@“@ water p.

—2

ucing zone would provide an optimal
AT 7 R
results. =t 2 -

= For comé 1 1 1 ecfrom depletion drive layers

altogetﬁéi;--shut off the depleted zones, sta:s'tLproducing water drive layers
and perform early WSO on water producinig zone would provide optimal
results.

While the'solution‘for depletion drive multilayered réservoirs is obvious, there
are a number of items to be discussed onswater drive and’ combination drive
Teservoirs.

For water drive multilayered reservoirs, there would be an issue of how early
WSO should there be in order to reach optimal strategy. The earlier the WSO:

1. More gas is trapped behind in shut off reservoirs. The RF is less.

2. Other reservoirs can produce with lower abandonment pressure because of

water producing reservoirs is shut off. The RF is higher.

As a result, how early WSO should be will be a tradeoff between 1 and 2. The

answer is subject to specific reservoirs rather than generic since different rock and
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fluid properties as well as different reservoir geometry would bring difference optimal
point.

Under combination drive mechanism, in addition to issue faced with water
drive reservoirs, to deplete the depletion drive reservoir first and shutoff the depletion
drive zone prior to produce water drive zone would not be practical if there are many
depletion drive reservoirs. Therefore, to produce the water drive reservoirs first and
early WSO on these reservoirs once t tart producing water, then produce from all

/ optimal solution in this case. Vice

depletion drive reservoirs

versa, if there are a nu oirs while only few numbers of

depletion drive reservo : | to produce from depletion drive
first and shut them off beforgope ter drive reservoirs.
Under combi e reservoi %s: gested that one should not try to

use it is difficult to know the
strength of aquifer drivesvhen prod :" i ‘ ervoir starts. If the aquifer is
strong enough as appeéa e support from the aquifer of
these reservoirs would ev to the depletion drive reservoirs

under production.
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CHAPTER VI

CONCLUSIONS

This chapter presents the conclusions of the effect of various production/
perforation scenarios over the different types of reservoir drive mechanism for the gas
field in the Gulf of Thailand (GoT). The simulation results and the recommendation
for future works are outlined. '

The reservoir model is built usiné/ ﬂsjﬁgle well model, based on simplified
versions of bar and channel sands that matched a-riginal bar and channel reservoirs.

|
nd is used as represcntative of reservoir sands that is

Under the model, the ’ciﬁ‘;g}acl
thick, continuous and stly .connected with aquifers. The bar sand is used as

representative of small, d encountered in the GoT. The model is consisted of

4 reservoirs with equ ejof] Ihin-anEhick T€SETVOIrs.

rl' 'I

There are 3 maj in this study. The first case is where all 4 reservoirs in

the size of 100 times of each resmmr S %ﬂ’ The last case consisted of 8 reservoirs,

4 of them under depletlon drive and other§ oﬂavater dm;p

the cases as follows:‘.'j
L Bottom-Uhf) production: This scenario prod.l_fce from deepest reservoirs first
followed by the fextuppér dayer one [by)onie.<It allows the plugging or
patching on the depleted reservoirs without problem on the next producing
layers.(because the depleted layer(s)-are deeper). This method is common

practice ofithe'gas field ifi the GoT.

In this study there are three criteria to trigger the opening of next upper

layers:

a. Fully depleted. This criterion allows the current producing layer to
fully deplete (i.e., reach minimum possible flow of 0.5 MMscf/d) first
then open the next layers.

b. Half depleted. This criterion allows the next upper layer to open

whenever the flow from current layer drops below 10 MMscf/d.



2a.
2b.
3a.
3b.

4

From scenariq,,e“'f/ :

production maintainin,
The result is t
reservoir to another throug

efficiency.
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c. Maintain production: This criterion opens the next reservoirs layer
once the production from current layers drops below 20 MMscf/d.

d. Water shut off: To shut the wells once the reservoir is fully depleted
and more water produced to avoid further water production from that
reservoir before open the next upper reservoirs.

Produce from high permeability reservoirs first (reservoir 1 & 2).

Produce from low permeabi}itfy reservoir first (reservoir 3 & 4).

Produce from thick reservoirs }yeservoir 1 & 3).

Produce fron:m thin reservojrs firse r.esef\'/oir 2 & 4).
Produce from gvery r_eservr)ir together since day 1.

ught 4, '&the criterion to open the next layer is the

criteri 'sjrpilar o case 1C.

ed in-terms of percentage of cross-flow from one

—

s, time\'BtOrreach certain recovery limits, and recovery
o *,
ol --I'IJ
s .-'."-:,I L+
L

A

Based on the study esq.lts the restfﬁﬁn be summarized as follows:

L

-

The incident of crossﬂow th_;'ongh well in multilayered gas reservoirs

Lo

dependq on two maJor factors, one is thefdlfference between reservoir
ol

pressurgnr and well bottomhole flowing pr.gskure Another factor is the
reserme s rock and fluid properties 1tsc_:1f. The incident in general fits
with the Darcy’s equation.

The active aquifer creates two effects in the multilayered reservoirs. One
is'that the aquifers, as it expands through lowering reservoir pressure,
trapsthe (gas behindjandiredue gas reoveity. Angthef factor is that once
the water breakthrough at the well, the pressure drop in well increases.
The bottomhole flowing pressure increases and the drawdown is reduced
for all reservoirs put into production. The first phenomenon affects
individual reservoirs while the second phenomenon affects all reservoirs.
The second phenomenon creates difference in recovery efficiency for
each perforation/production scenarios studied.

Permeability plays an important role in gas — water flows through

reservoirs as it has direct effect on recovery efficiency. It is found that
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permeability will have less effect on recovery efficiency once the
reservoir permeability is above 200 mD.

Under depletion drive reservoirs, to put all reservoirs to production since
day 1 (scenario 4) would provide optimal solution to the depletion drive
multilayered reservoirs case. The crossflowed volume is small, the RF is
similar to other scenario, and the time to recovery is among the fastest.
Commingled production ?lﬁo have other practical benefit such as
reducing well intervention (1".;3'./ {A/bperforate others reservoirs) and reduce
the chance o_f tool stuck or ﬁsh'ingf‘l -

Under watgr__dﬁiye r_eser\[oirs, to pioduce from bottom up by allowing

each rese;w'ﬁ'/

Cl ,/but the time (o recovery is the longest. On the other

¢ fully depleted before open another provides highest

recovery

hand, to predu all reservoirs together since day 1 provides one of

—

the fastest ies, -but&thc recovery cfficiency is low. Hence, the
o *,

optimized sc ) is,t0 compromise both extremes. This can be achieved

’ ¢ e - ‘.-l‘ ":
by perfo g arlyaJWSO'-gE} the producing reservoir once the well’s
starts to produce éigﬁiﬁcanc;};n'igunt of water.

Under water dr_iy.e_,r__eservoir??ﬁici decision on how early such WSO is

requiré (i.e., what is the appropriate level 5 f water production to shut off

the zé;;é)l is subject to the incremcnta;liileserves gain compared to
incremental water production, and the level of prolonged time to recover
such reservess This in turns.depends on reservoirs characteristics &
properties such as permeability, 'relative permeability of the gas and
waters in the reservoirs, distance from water zone to, well, etc

Under combination drive resetvoirs, the observations from both depletion
drive and water drive reservoirs are valid.

The optimized solution for combination drive reservoirs would be to
separate the production between depletion drive reservoirs and the water
drive reservoirs. The WSO need to be performed on reservoirs where

water production becomes excessive.
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APPENDIX A

Al. ECLIPSE definition for simplified model of Bar Sand Reservoirs

a) CASE DEFINITION
Simulator: Black 0il

Model Dimensions: er of cells in the x direction 15

rgof cells in the y direction 45
ells in the z direction: 4
Grid type:

Geometry type:

Oil—Gas—WaterV
b) GRID

X Grid Block

Y Grid Block
Inclination An
Inclination

Depth of Top fgq

Shallowest Cell €

Bar Sand 21

Reservoir’r' -

AU ININTNYINS
AN TUNN NG Y
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ACTNUM
[
0 1
1 1
B
1 1 1
1 1 1 1
1 1
1 1 1
1 1 0
1 1 1
1 1 1 1
1 1 1 1 0 1
1 1 1 0 0 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1
1 1 | |
(1 = i )|
1 1 0 1 1 1
1 1 1 1 1 i
1 1 1 1 1 { = |
1 1 1 | 1 1
1 1 1 1 1 1 al 0 [0 |
1 1 1 1 1 Y| & "
1 0 1 1 1
0
1 [ 0
1
1 A0 .
o
y [ 0 .
[ 0 i 1 o o b
0 L
i i
0 F il e 1
| ) 3 I [
0 oT o =0 | 0 [0
WY &7 OF (NESERE 4
0 0 oo
oJo 0.5 o 0
D
e
<) BVE 24 A )
Ref@Fenc S 1) 4652.5 psia
Water PVT Wafer ,fiIiPF,e 7 1.0636 rb/stb
Properties Water ’\Ilz;ﬂ;liqf}‘!‘if 0.1907 cp
:] Water viscosibility fz E-06 /psi
\
Fluid — "l(50 °API) 1b/ft’
Densiti = =it 7
ensities —| water depa = 2.43 1b/ft
Surface 'U Ej
. Gas density 0.060 1b/ft?
Conditions
Rock ﬁﬁrence Pressureld 4230 psia
: = -
Prop i y : P ﬁ—G Tpsi
Piidd 13
d) SCAL qJ ‘
s
Sw qu Krw
0.4000 1.0000 0.0000
0.4411 0.5549 0.0040
0.4822 0.2846 0.0183
0.5233 0.1317 0.0446
0.5644 0.0529 0.0840
0.6056 0.0173 0.1372
0.6467 0.0041 0.2049
0.6878 0.0005 0.2876
0.7289 0.0000 0.3859
0.7700 0.0000 0.5000
1.0000 0.0000 1.0000
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e) INIT

Bar Sand

6200 2684.6 6639
Reservoirs

f) SCHEDULE

I,J Location

Primary

Control

Secondary

Control

Secondary
Target
Well Economic

Limit

Max WGR Limit

Production Starts:

Production Ends:

Report Ste;ﬂﬁ
-

A2. ECLIPSE der nel Sand Reservoirs

a) CASE DEFINITION "-ﬁ
~ B ANYNINNT
Model of direction 15

‘ Number of ls in the y dlvtlon 45
ARIANT TN RAVTNTY
eometry type: Block Centered
Oil-Gas-Water Options: Water, Gas
b) GRID
X Grid Block Size: 219 £t
Y Grid Block Size: 201 ft
Inclination Angle in X: 10 £t/ 100 ft
Inclination Angle in Y: 2 ft /100 ft
Depth of Top face: 6,206 ft

Shallowest Cell Coordination: 1, 34



Channel Sand

Reservoirs

ACTNUM
0 0 0 0
) o]0 0o
0 | o o 0] o
] o .o
0 | 1] 0 o
0 ]
'
) 0 | 0 F"
3 ilolo T‘Jﬁ
ekl 1 | oml 0 | it
g | [P
0 0 0 1 1 Qn
0 0 0 ] i [
T 1010 [
1 1 1 1 X ! 0l
I I o
1 ‘T E o
[ " 1 PRl o ) 0
[N ;H @ | o
1 1 F i =
1 1 ol ] 0 0
0 1 0] o Y ] alFa o o880
[ i D 1 LT o g )
0 Joact o[ o1 ¢ 1 F i ool ®e]o
(| 0 0 B0 | Gt
1 0 1 1 0 oo | 0 F 6 -f
(T e ol o el ol Ty 1
1 1 1 0 O] Ok O 4 0
£l e 0 0| A ]
1 1 0 0 api W e
1 ¥ (EANEFEFD F &
[H 11ofo [0 2 S LS
1] 1 0 0 ) i 0 0
ol 1] 1]o] 1] [ ™
1 1 1 1 [ i :1 0 1 :ﬂ
1 1 1 1 (] ) ftts " 9
] ] 0 WEErRE 0 - maﬁ "
1] 1 olf BB i 5 5 B L
1 1 ( I o O
W [ = v -
1 | o D U i 0 i o A -
1 1 T T i\ ) -
0 1 olo 0] 0 0
0 [] L) 0 0 0 0
=
L
| =
Y
c) PVT -

7 éf&rence pressurefPref) 3349 psia
Water'PVf Watdr WBVIF Jad Didr 100897 rb/stb
Propefitfies "Water viscosity at Pref 0.1601 cp

Water viscoséibility - 1.00 E-09 /psi
| FLATd 0il adndify ag Jo J(50] °ABd) 1b/ft’
Densities at Water density 7 62.43 1b/ft’
Surface
o Gas density 0.068 1b/ft’
Conditions
Rock Reference Pressure 3349 psia
Properties Rock Compressibility 5.4092E-6 /psi
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d) SCAL

Upper & Lower Channel

Sw Keg Kew
0.3800 1.0000 0.0000
0.4233 0.5549 0.0040
0.4667 0.2846 0.0183
0.5100 0.1317 0.0446
0.5533 0.0529 0.0840
0.5967 0.1372
0.6400 0.2049
0.6833 0.2876
0.7267
0.7700
1.0000

e) INIT

Channel Sand

Reservoirs

f) SCHEDULE

Primary l"

Production Starts:

Production Ends:

Report Steps:

1°° Jan 2009
23" June 2039
7 days

Gas Rate
Control
Secondary [ ] =" U
B
@ YRIYRINIWYINT
Primém Targe? 20 7MMsc7f/d> ] R o
¢ o o/
xar a4
ik et I
Well Economic
S 0.1 MMscf/d
Limit
o 1,000,000
Max WGR Limit
STB/ Mscf

03



A3. ECLIPSE definition for study model of Combination Drive Reservoirs

a) CASE DEFINITION
Simulator: Black 0il
Model Dimensions: Number of cells in the x direction 33
Number of cells in the y direction 33
Number of cells in the z direction: 43
Grid type: Corner Point
Geometry type: Block Centered

Oil-Gas-Water Options: i ) g6as

Y

b) GRID \\.‘\_.Q-’ é‘
X Grid Block Sizga st g £ e—
Y Grid Block Sizes

Inclination Angle 4
Inclination A
Depth of Top f
Shallowest Cell CgéT

Thick 1 d a1 2180 ™. 4 200 200 20
P e e
Thin 1 i — = 1% [ 0.25 200 200 20
"l—’-j‘,‘f'-‘l b :
P N —
Thick 2% 18. | 4 20 20
ic L‘__E 5 8.9 | L] 2
Thin 2=, W4 T £ 20 20 2
o )]
Thick 3 5 18.9 21% 0.4 200 200 20
: =X g
o1/~ QN N £ gAl O!1 7~ £
in B 4]' }6 4& 1% 0.25 zﬂo 200 20
Thick 4 5 ® 18.9 248 0.4 20 20 2
Fow "] i A Jh o o o
1;q Ly L L = r !; T [ ,:
Th nEI X LI oy p1 M 1.23—' :oq 20 2
ACTNUM

Thick Reservoirs
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Figure Al: Modelshape and ﬂ)}%\‘,\'lli}é ﬁistributian' for combination drive model
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Figure A2: Gas saturations for combination drive model
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c) PVT

Reference pressure (Pref) 3349 psia
Water PVT Water FVF at Pref 1.0897 rb/stb
Properties Water viscosity at Pref 0.1601 cp

Water viscosibility 1.00 E-05 /psi
Fluid 0il density 48.4 (50 °API) 1b/ft®
Densities at [Twater density 62.43 1b/ft’
Surface :

L Gas density 0.068 1b/ft

Conditions
Rock Refexrence Pressure ’ 3349 psia
Properties Rock Compressibility 5.4092E-6 /psi

encel pres - 1652.5 psia
Rabdr DU Aﬁaﬁfffw dt Pret 1.0636 rb/stb
Properties Zwa‘Fex;,‘v;z?sc'o;,i_'ty ;at_; Pref 0.1907 cp

r Waﬂ;ér:vi_scos;bimy 9.22 E-06 /psi

Fluid )El ‘ﬁir;si-‘ty J '3 . 48.4 (50 °API) 1b/ft?
Densities at 4 w?fr éen;_it'y j‘ 4 62.43 1b/ft’
Surface ' d ¥ o
F s Gas .’densi‘fﬁ_‘ ;:J,:__‘ 0.060 1b/ft?
Rock Reféfeﬂgg;?ressuréﬂ?ijﬁ 4230 psia
Properties Rock CoﬁprEssibiltéé}fiL 5.4029E-6 /psi

e ‘-.u"-:‘:_‘_i-_

d) SCAL \
- =1

0.3800 1.0000 0.0000
0.4044 0.5%49 0.0296
0.4289 0.2846 0.0838
0.4533 Q#1317 0.1540
Q. 478 0. 0529 8 72370
0.5022 0. 0173 @.33¢3
0.5267 0.0041 0.4355
0.5511 0.0005 0.5487
0.5756 0.0000 0.6704
0.6000 0.0000 0.8000
1.0000 0.0000 1.0000




Sw K:qg Kew
0.4000 1.0000 0.0000
0.4411 0.5549 0.0040
0.4822 0.2846 0.0183
0.5233 0.1317 0.0446
0.5644 0.0529 0.0840
0.6056 0.0173 0.1372
0.6467 0.0041 0.2049
0.6878 040005 0.2876
0.7289 0.0000 0.3859
0.7700 0.0000 0.5000
1.0000 0.0000 "1.0000
e) INIT
.
Thick 1 - f ¥ =9 A 6668
Thin 1 oot ) 3052 6998
Fo .

Thick 2 F F P = 3268 7484

Thin 2 N E3 - "31b6 7815

Thick 3 83640 8622 8305

Thin 3 " aghs 3759 8631

Thick 4 9180 ik D 9117

Thin 4 - 9484 - 4106 442

f) Schedule

I,J Location 16, 21
Primary
Gas Rate
Control
Secondary
THP,
Control
Primary Target 20 MMscf/d
Secondary
30 Barg
Target
Well Economic
0.1 MMscfd
Limit
1,000,000
Max WGR Limit
STB/ Mscf
Production Starts: 1°* Jan 2009
Production Ends: 23" June 2039

Report Steps: 7 days



A4. ACTIONX keywords for production/perforation scenarios.

ACTIONX

ACT1 10000 /

WGPR 'COMBINE' < 600 /
/

COMPDAT

'COMBINE' 2* 34 34 'OPEN' 2* (0.2552 1* 5 1* *z* 1% /
/

WELOPEN

'COMBINE' /

/

ENDACTIO

ACTIONX

ACT2 10000 /

WGPR 'COMBINE* < 600 AND i/
RPR 7 < 3900 /

/

COMPDAT

'COMBINE' 2* 29%29 SOPEN! 2* 0.2552 }t_S LN ™. /
/

WELOPEN

'COMBINE' / ey

/

ENDACTIO

ACTIONX

ACT3 10000 /

WGPR 'COMBINE' £ 600 AND /
RPR 7 < 3900 AND /

RPR 6 s=864R7 5/

/

COMPDAT

'COMBINE' 2* 23 23 'OPEN' 2% 0.2552 1* 5 8 '2' 1* /
/

WELOPEN

"COMBINE' /

/

ENDACTIO

ACTIONX

ACT4 10000 /

WGPR 'COMBINE' < 600 AND /
RPR 7 < 3900 AND /

RPR 6 < 3697 AND /

RPR 5 < 3548 /

/
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COMPDAT
'COMBINE' 2* 18 18 'OPEN' 2% 0.2552 1* 5 1% 'z' 1* /
7

WELOPEN

' COMBINE' /

£

ENDACTIO

ACTIONX
ACTS 10000 /
WGPR 'COMBINE' < 600 AND
RPR 7 < 3900 AND / \
RPR 6 < 3697 AND /

/
COMPDAT
'COMBINE' 2* 1
/

WELOPEN
'COMBINE' /
/

ENDACTIO

ACTIONX
ACT6 10000 /
WGPR 'COMBINE' < 600 2
RPR 7 < 3900, AND

RPR 6 < 360
RPR 5 < 3548 AND
RPR 4 < 3345 AN
RPR 3 < 3196 ‘J

?z‘éiiﬁutl-’mﬂmwmﬂ‘i
mmnmumawmaa

DACTIO

ACTIONX

ACT7 10000 /

WGPR 'COMBINE' < 600 AND /
RPR 7 < 3900 AND /

RPR 6 < 3697 AND /

RPR 5 < 3548 AND /

RPR 4 < 3345 AND /

RPR 3 < 3196 AND /

RPR 2 < 2991 /
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/

COMPDAT

"COMBINE' 2* 1 1 'OPEN' 2* 0.2552 1* 5 1% 'z' 1* /
4

WELOPEN

'COMBINE' /

v/

ENDACTIO

ACTIONX
ACT1 10000 /
WGPR 'COMBINE'
/
COMPDAT
'COMBINE' 2* 34" 34
¥

WELOPEN
'COMBINE' /
/
ENDACTIO

ACTIONX

ACT2 10000 /
WGPR 'COMBINE' 10000 AND /

RPR 7 < 3900 / ‘

e U ANYNINEINT

'COMBIN“ 2% 29 29 'OPEN' 2* 0..2582 1% 5 1% Egie] Sp

ammnimumqwmaa

ENDACTIO

ACTIONX

ACT3 10000 /

WGPR 'COMBINE' < 10000 AND /

RPR 7 < 3900 AND /

RPR 6 < 3697 /

/

COMPDAT

"COMBINB' 2% 23 23 "OPEN' 2* 0.2552 1% 5 1 ®g* I /
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/

WELOPEN
'COMBINE' /
/

ENDACTIO

ACTIONX
ACT4 10000 /
WGPR 'COMBINE' < 10000 AND /
RPR 7 < 3900 AND /
RPR 6 < 3697 AND /
RPR 5 < 3548 /
4

COMPDAT
'COMBINE' 2* 18 ¥ 2 Wtz 1+ /
/

WELOPEN
'COMBINE' /
/

ENDACTIO

ACTIONX
ACT5 10000 /
WGPR 'COMBINE' <
RPR 7 < 3900 AND /
RPR 6 < 3697 AND /
RPR 5 < 3548 AND /
RPR 4 < 334

/ - -
COMPDAT Y
"COMBINE' 2* 1271

/ il
WELOPEN

“"““FHJEI’WIEWIﬁWEI']ﬂ’i

ENDACTI

RIS INTAINNAINYIAD

PR 'COMBINE' < 10000 AND /
RPR 7 < 3900 AND /

RPR 6 < 3697 AND /
RPR 5 < 3548 AND /
RPR 4 < 3345 AND /
RPR 3 < 3196 /

/

COMPDAT

YCOMBINK! - 2% 7777 'OPEN' 2% 0,2552 I*5 1* 'Z0/ 0%
/
WELOPEN
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'COMBINE' /
/
ENDACTIO

ACTIONX
ACT7 10000 /
WGPR 'COMBINE' < 10000 AND /

RPR 7 < 3900 AND /

RPR 6 < 3697 AND /

RPR 5 < 3548 AND /

RPR 4 < 3345 AND /

RPR 3 < 3196 AND /

RPR 2 < 2991 /

/ —

COMPDAT ’ﬂ‘" ‘H

'COMBINE' 2* 1

/

WELOPEN

"COMBINE' /

/ .
ENDACTIO e (i~

F 21 2 Z\AS

ACTIONX
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APPENDIX B

Selected Simulation Results

Case 1: Scenario la, Combination drive model
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Pressure Profiles
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Scenario 1b, Combination drive model
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Water Production Profiles vs. Well's FBHP
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Well Flowing Bottomhole Pressure, psia
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Case 3: Scenario 1¢, Combination drive model
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Production Rate, Mscf/d
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Water Production Profiles vs. Well FBHP
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Pressure Profiles
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Case 5: Scenario 2a, Combination drive model
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Case 7: Scenario 3a, Combination drive model
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Water Production Profiles vs. Well FBHP
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Figure B22: Gas Production Profiles
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Figure B24: Water Production Profiles vs. Well’s Flowing Bottomhole Pressures
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Case 9: Scenario 4, Combination drive model

Production Profiles
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Water Production Profiles vs. Well's FBHP
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