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CHAPTER I

INTRODUCTION

Gas-condensate reservoir is considered the most complex reservoir among
other types of petroleum reservoirs. A gas-condensate is a single-phase fluid in the
form of gas at initial reservoir conditions. As the reservoir pressure decreases and
passes through the dewpoint, liquid forms. The amount of the liquid increases as the
pressure decreases during retrograde condensations When condensate liquid forms in
a gas-condensate reservoir,-somie condensate liguid-is immobile because capillary
forces act upon the fluids and.eondensate saturation is less than the critical saturation.
As a consequence, vallablgscondensate is lost in the reservoir. At a near-well region,
the condensate saturation s greater -than the critical ‘saturation, so both gas and
condensate flow. However; condensate;saturation here is highest because lowest
pressure occurs at the dbotiomhole. Thé_ 6i| relative permeability increases with
saturation. The decrease in gas relative pefmeability near the wellbore illustrates the
condensate blockage effect. Consequently,':{dditional pressure drop due to condensate
blockage can cause a loss of weli productivit;y."‘.‘"‘

When normal. depletion” leaves. valuable condensate fluids in the reservoir,
condensate blockage= ean—be—very—tmportant—for—well productivity. Thus, many
recovery solutions such as gas cycling, gas injection can be planed ahead to manage
the gas-condensate reservoir. The main objective is to recover more condensate. Since
the price of natural gas jhas, risensto the walugsthat jmakes, reinjection less attractive
strategy, alternatively worthless gassuch as CO, instead of natural gas may be a good
candidate.

In the Gulf ofvThailand, wetusually find many.multisstacked gas or gas-
condensate reservoirs. Some gas reservoirs contain high CO, %mole while the others
do not. In many cases, we do not produce the reservoir containing high CO;, %mole
because of economic reason. However, the internal gas dump flood is a potential
solution to exploit the high CO, %mole reservoir to flood into a gas-condensate

reservoir for enhanced condensate recovery.



1.1 Outline of Methodology

This research is to study the mechanism of gas dump flood in gas-condensate
reservoir associated with pressure maintenance and revaporization with an emphasis
on flow behavior analysis and condensate recovery. Although some research and
development have been performed in this area, there still exist many important issues
to be resolved. Specifically, this work focuses on the following aspects:

= Producing schemes. Different.timings of gas dump flood strategy may
impact gas production and condensate recovery. Optimal injection will
be determined*for.best candensate preduction.

= Compasition variation. The objective of this part is to study how the
concentration/01/CO; in la source reservoir affects phase behavior of
target reservoir during proc‘IJL’j.ction.

= Depth or pressure differenQe. The reservoirs in multi-stacked reservoirs
are located at different depft]s or pressures. This difference may have
an effect to flooding mechanism such as cross flow rate, higher
pressure losses in‘the wellbore.

In the gas dump flood scenarios, we .gl_lsg.study effect of composition variation
on vertical flow performance from source reservoir to farget reservoir which has a
different pressure 10ss in tubing when the compositions and depths are not the same.
The abandonment rates were set by condensate production rate and gas production
rate.



1.2 Thesis Outline

This thesis paper proceeds as follows.

Chapter Il presents a literature review on core flooding experiment to
investigate fluid behavior, condensate blockage effect around the well and the
associated impairment in gas productivity and condensate recovery. The chapter
includes advantages and limitations. of existing technique of CO; injection into gas-
condensate reservoir to enhance hydrocarbon.recovery.

Chapter 111 describes-the theory of“gas-eondensate reservoir such as gas-
condensate phase behaviorand flow regime behavior.

Chapter IV desciibes the simulation model used in this study.

Chapter V discusses ihe results of_ reservolr simulation obtained from different
values of controlled variables which ;q?e time to start gas dump flood, CO,
concentration in source rgseryvoir and diffgre‘nce in depths between source and target
reservoirs.

Chapter VI provides gonclusions and recommendations for further study.

i



CHAPTER 11l

LITERATURE REVIEW

This chapter discusses some works related to core flooding experiment which
was conducted to investigate the fluid behavior, condensate blockage effect around
the well and the associated impairment in gas productivity and condensate recovery.
Some works are significant for generating the most realistic simulation model which
will be used to determine optimal produciion.strategy. Most of the following
literatures discuss related.works in CO» flooding-into gas-condensate reservoirs using

a compositional reservoir simuilator.
2.1 Previous works

Al-Abri et. al./[1] presented- results from experimental work on CO-
condensate and CO,-methane relative perméébilities. They used high-pressure high-
temperature equipment tos perform experiments in order to determine relative
permeabilities at reservoir conditigns. The coreflooding experiments were conducted
by injecting different, supercritical CO; (SCCO-Z)-methane concentrations. The CO;
percentage in the methane was increased successively from 10% to 25%, 50% and
75%. In their results, the greater the percentage of SCCO, in the injection gas
mixture, the higher the ability of the gas to displace the condensate before it breaks
through. The relative permeability-curves improve as the CQ, concentration in the
injection gas increases. Consequently, the mobility ratio decreases, giving rise to a
more stable displacementfront.

Shi et. al. [2] studied the behavior of condensate composition variation,
condensate saturation build-up and condensate recovery during a gas-condensate
production process. The authors performed core flooding experiments and
compositional simulation to investigate the composition and condensate saturation
variations in the reservoir. Different production strategies were compared, and the
optimum production sequences were suggested for maximum gas recovery. In their
simulation results, high total gas production can be achieved temporarily by using low
BHP. However, lower BHP might not be a better strategy to minimize the condensate



5
blockage or to enhance the ultimate liquid recovery. Therefore, they concluded that
there is no standard way to optimize the production strategy or the optimal approach
is likely to be dependent on the original composition.

Tangkaprasert [3] studied the behavior of CO, injection in gas-condensate
reservoir using a reservoir simulator. Gas injection allows enhanced condensate
recovery by reservoir pressure maintenance and liquid revaporization. In order to
optimize the injection strategy, he created several scenarios to determine the most
appropriate injection timing. The result is/that the maximum oil recovery can be
obtained by starting the injection shortly after-the bottomhole pressure drops below
the dewpoint pressure.

Shtepani [4] performed.an experiment on €O, core flood displacement. The
objective of his experiment 1s't0" investigate several factors affecting the mechanism,
stability on the breakthreugh and- ultimate recoveries using P-x experiment. P-X
experiment was performed on four different scenarios: 20, 40, 60 and 80 %mole of
CO; mixtures. From his result, at-80% mole CO, injection, no condensate liquid
occurs. The mixture is a single phase gas _o_hl&. Therefore, properties of depleted gas-
condensate reservoirs and €O, are favorab,lé,fgr re-pressurization and enhanced gas
recovery processes. ‘

Shi and Horne [5] conducted a study fo determiine appropriate production
strategy to improve.productivity from gas-condensate réservoirs. They performed a
core flooding experiment and reservoir simulation. Their research provided the effect
of bottomhole pressure, relative permeability,and production. These parameters were
compared andssummarized to' obtain 'the joptimum strategy’ to maximize the gas
recovery. From experimental results, they concluded that the composition and
condensate: saturation, €hange-significantly asa function lofjintarfacial tension and
relative permeability. Re-pressurizing might not be a good strategy for some cases to
remove the liquid accumulation in the reservoir. In their simulation results, the total
gas production can be achieved by lowering the BHP.

Chang et. al. [6] presented the model of oil recovery process involving CO;
injection while taking into account the effect of CO, solubility in water. A new
empirical correlation was introduced for estimating CO; solubility in water and NaCl

brine, the water formation volume factor of CO,-saturated water, water
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compressibility, and water viscosity. The calculation of solubility in formation water
can also be adjusted further for the effects of salinity to obtain the solubility of CO, in
brine.

The authors also investigated the effects of CO, solubility in water using a
reservoir simulator. Two water alternating gas (WAG) injection cases were designed.
Case A was operated as the secondary CO, flooding while case B was operated as the
tertiary CO, flooding. The simulation, results showed that about 10% of the CO,
injected was dissolved in the water and was.unavailable for mixing with oil. This
might be considered “lost” to the agueous phase:

Sengul [7] illustrated framework of CO, sequestration and vital aspects such as
site selection, reservoir characierization, modeling of storage and long term leakage
monitoring techniques. He coneluded that CO, capture and storage (CCS) offers
possibilities for making #further use of fossil fuels more compatible with climate
change and mitigation”policies. Technologies required for CO, capture and storage,
monitoring, verificationd@re widely availabl_e today.

Sengul [7] also concluded that the_ 'prb-bability of CO, leakage in oil and gas
reservoirs is very low. However, brine féfn]ations, which generally are not well
characterized and do not have caprocks ‘Or" s’éals will require significant effort to
evaluate potential risks, and these risks must bé’téken serigusly.

Al-Hashami gti al. [8] investigated the effects of gas mixing, CO, diffusion and
CO; solubility in formation water in the process of injecting CO, into gas reservoir
using a compositional reservoir simulator. CQO, dispersion effect in which the diffusion
coefficient is high will 'cause an early CQO, breakthrough. However, when the diffusion
coefficient at réservoir conditions is smaller than 10° m?/sec, the effect of diffusion
can besignored; hence, themixing of CO; andmethane’isitotally convective flow.

Regarding the effect of CO, solubility in water, CO, breakthrough time is
delayed compared to the case without considering CO, solubility in water. Thus, the
dissolution of CO, in formation water has some positive effect on CO; storage which
can delay CO, breakthrough and store more CO; in the reservoir.



CHAPTER 11

THEORY AND CONCEPT

In this chapter, we explore several key concepts about the flow behavior of the
gas-condensate system and define related theories involved with the mechanism of
gas flooding in a gas-condensate reservoir. Previous prospective researches on these

issues are reviewed.
3.1 Review of Gas=Condensate Reservoir

Reservoir fluids .ean «be" divided into five types; black oil, volatile oil,
retrograde gas, wet gas.and dry -gas. Each type of reservoir fluids has unique
characteristics which€an .be confirmed only by observation in the laboratory. The
characteristics used to identify the type of: reservolir fluid are the initial producing gas
oil ratio, the gravity of the stock tank qu_U_idjthe color of the stock tank liquid, oil
formation volume factor, and maele fractionlvc:jf hepthane plus.

Gas-condensate reservoir s Consid‘er‘ed’l the most complex reservoir among
other types of petroleum reservoirs. The init'i_axl‘ -reservoir condition is a single phase
gas. One unique phenomenon in near wellbore region of gas-condensate reservoir is
condensate blockage. As reservoir pressure declines and passes though the dewpoint,
condensate drops out of the gas. The condensate saturation is highest near the
wellbore because the pressure’is lowest.. Condensate liquid can be produced into the
wellbore. However, if the gas does not have sufficient energy to carry the liquid to
surface;, liguid 1oading inthewellboretoccurs because the liquid 4s\denser than the gas
phase. I the liquid falls back down to the bottom of the wellbore, the liquid

percentage will increase and may eventually restrict production.
3.1.1 Gas-Condensate Phase Behavior

Gas-condensate or retrograde gas is one of the various types of the reservoir
fluid which has unique characteristics of phase diagram as illustrated in Figure 3.1.
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The region of retrograde condensate occurs at temperature between the critical

temperature (Tc) and the cricondentherm. The cricondentherm is the highest

temperature on saturated envelope.

Critical point 2 ¢ Initial reservoir
condition

Pressure

/ Ll Cricondentherm

Separator 4 4 f# '} “5
ditiongd® Bl o
col d|t|0n'. J _ L 1008 aph b
‘ AT R
7 Tempstature

Figure 3.1: Pressure-Vbluﬁme-Te@f&ture diagram of condensate
- {after Fan et-al. 9]).

. ' .

Gas-condensate is a single-phase gas at original reservoir condition (point A).

At dewpoint pressure {point B), the fluid will start to separate into gas and liquid that

is called a retrograde condeénsate, The liquid-dropout in.the pore space will lead to the

formation of a liquid phase’and ‘alconsequent reduction inithe gas production of the

well. This phenomenon continues until a point ofsmaximum liquid volume is reached

(point €). Lowering the pressure furthermare will cause the revaporization process

(point D) but this process is typically below the economic life of the field, and this

stage will not be reached.

The amount of liquid phase present depends not only on the pressure and

temperature but also on the composition of the reservoir fluid. The condensate gas can

be classified into three types; poor, middle and rich content condensate gas. The

classifications and the physical characteristics are listed in Table 3.1.



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

Heavier Reservoir Production Condensate
Fluid type | hydrocarbon | fluid density | GOR content
content C.+ | (glem®) (m*/m?) (g/m®)
Poor 05-2.0 0.20-0.25 | 18000 - 5000 <150
Middle 20-4.0 0.25-0.30 | 5000 -2000 | 150 -350
Rich 40-9.0 0.30-0.45 | 2000 - 1000 | 250 - 600
Near critical | 9.0-125 0.45—-0.50 1000 - 700 600 - 800

A rich gas-condensate forms a higherpercentage of liquid than a lean gas-
-
condensate. The phase diagrams of poar, middle and rich content condensate gas are

shown in Figures 3.2, 3.3.and 34, respectively.

80 e
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\ A T=i3.0 T
26 F v Pc=5.79MPa
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20 | f" F/N
g
=2 15
u_ - -
L
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0% .
5 F -
D L 1 ] Pl ] [l 1
-160-100 -30) 0 .50 100 150 280 230
T(T)

Figure 3.2: Pressure-Volume=Temperature diagram of ‘paor condensate content (after
Yisheng et. al. [10]).
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Figure 3.3: Pressure;Volume-Temperature diagram of middle condensate
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Figure 3.4: Pressure-Volume-Temperature diagram of rich condensate content
(after Yisheng et. al. [10]).
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3.1.2 Flow Regime Behavior

Fluid flow towards the well in a gas-condensate reservoir during depletion can

be divided into three main flow regions. The two regions closet to the producing well

exist when the pressure is below the dewpoint pressure and the third region exists

when its pressure is above the dewpoint pressure as shown in Figures 3.5 and 3.6.

Near-wellbore (Region 1): iThe condensate saturation of this region is
greater than the critical condensaie saturation. Both gas and condensate
flow simultaneously at different veloCities. The oil relative permeability
increases with_saturation thile gas. relative permeability decreases,
illustrating thesblockage effe‘lct.

Condensate bu‘iidup (Region12)' Region where the condensate is dropping
out of the gqs "The condensate saturation of this region is less than the
critical satliration. Only gas pl‘qase is flowing.

Single phase gas (Reglon 3): T‘hIS reglon is away from the producing well
where only gas phase |s presentjand flowing. Gas velocity in this region is
generally low becau__se.the cross,seg_l}onal area is high. Composition in this

region is equal to the original regé_[vgi_r gas.

Y P e

| Region 1 "Region2 | | Region 3

0al

Qi [_

0.4

1 gas

Qil satur=fion

0z

oil

0 TN

100 o .
101 101 - 102 103 104
Radius (ft)

Figure 3.5: Three regions of gas-condensate fluid flow behavior
(after Roussennac et. al. [11]).
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. . - -d .
Figure 3.6: Three regi , ondk nsawroflle (after Fan et. al. [9]).

3.1.3 Fluid Comp

In gas-condensat densate is due to the pressure

drop below the dewpoi nts tend to drop out first and
then become the conde agram of the reservoir fluids is

shifted clockwise to a system with ki ig her-cf temperature as shown in Figure 3.7.

TempeTare
Figure 3.7: Shift of phase envelope with composition change

(after Roussennac [11]).
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3.1.4 Non-Darcy Flow and Positive Coupling

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

Non-Darcy flow is typically observed in high-rate gas wells when the flow
converging to the wellbore reaches flow: velocities exceeding the Reynolds number
for laminar or Darcy flow, and results in tutbulent flow. The effect of non-Darcy flow
can be treated by the .Forchheimer equation..with an empirical correlation.
Forchheimer [12] proposed-the following quadratic equation to express the

relationship between pressure drop and velocity in a porous medium:

YRGS ay
ol [ (kK,AJQ+’Bp(Aj (3.1)

where: ]
is thie velumetric flow rate

is the/rock-permeability s,

K is the relative permeaﬁi_lit-__y

A is the area through w.tii'c-r‘lel;lbw occurs
I Is the fluid viscosity

p IS the flutd density

p is the Forchheimer parameter

o

" is.thegpressure gradient normal to the area
X

Another phenomenon ‘which' is known as “positive-coupling“eccurs when the
flow velocity is high and the interfacial tension between the flowing phases is low. In
this case, capillary forces may no longer dominate the distribution of the phases on a
pore scale. Subsequently, macroscopic flow properties become dependent on the ratio

of viscous to capillary forces on a pore scale, denoted by the capillary number N..
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k|VP|
Nc =T (3.2)
o
where:
o is interfacial tension

@ IS porosity
3.2 CO, Mixing in Gas-Condensate Reservoir

Re-pressurization.and pressure maintenance.are the most common methods to
enhance gas and condensate.recovery. By pressurizing the reservoir so that the
reservoir pressure is-above" the dewp(|)int pressure, condensate blockage can be
prevented. For gas dump looad into gés;g:ondensate fields, high viscosity of CO,
provides a favorable mability ratio for tht& displacement of methane, leading to fewer
tendencies of the injected gas to f"inger. ‘ReJ\'-‘/aporization will remove the condensate
blockage by changing the phase behavior 6f;..-the reservoir fluid. The admixture of CO,

to gas-condensate fluid will reduee the péFf-:ent liquid and improve productivity and

2 A

condensate recovery. ——

s

3.2.1 Flooding Patterns-and-Sweep-Efficiency

The movement of fluids is controlled by the érrangement of injection and
production wells. (There| are several patternstof production<and injection wells for

enhanced recovery project as depicted in Figure 3.8.
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Different flooding patterns will result in different areal sweep efficiencies. The

areal sweep efficiency at breakthrough was determined by various experimental
techniques. The value of such areal sweep efficiency was calculated for a mobility
ratio of unity. Table 3.2 presents the percentage of areal sweep efficiency at
breakthrough calculated at unity mobility ratio for different flooding patterns. There is
satisfactory agreement among most investigators that the five-spot flooding pattern

gives the highest sweep efficiency.

Table 3.2: Areal sweep effieiency for various floeding patterns (after Forrest[14]).

Flooding Mobility Areal sweep efficiency
Pattern Ratio at breakthrough (%)
Isolated two-spot 1:04 52.5-53.8
Isolated three-spot iy 4 78.5
Skewed four=spot i N 55.0
Inverted five-spot 1080, 80.0
Normal seven-spot 10224 74.0-82.0
Inverted seven-spot 1.0 82.2

The overall efficiency-at breakthrough is defined as

B 1£) B xd; X\E, (3.3)

where
Ea = areal sweep efficiency, is the area swept in a model divided by total
model reservoir area.
Ei = invasion or vertical sweep efficiency, is the hydrocarbon pore space
invaded (affected, contacted) by the injection fluid divided by the

hydrocarbon pore space enclosed in all layers behind the injected fluid.
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Eq = displacement efficiency, is the volume of hydrocarbons displaced from

individual pores or small groups of pores divided by the volume of

hydrocarbon in the same pores just prior to displacement.

Dump and production well arrangement is selected by considering the highest
areal sweep efficiency. Five-spot flooding pattern has been studied and reported to
have the highest sweep efficiency at breakthrough. Figure 3.9 shows the schematic of
five-spot flooding pattern. In five-spot floodingpattern, the injection well is located at
the center of a square defined by four preduetion wells. In this study, five-spot
flooding pattern is changed to quarter five-spot because it obtains the same results as

well as reduces the simulation'model size.

Figure 3.9: Five-spot flooding pattern.

3.2.2 Miiscible Fluid Displacement

Miscibulity fluid displacement ‘is defined as-a displacement process where the
effectiveness of'the displacement results primarily from miscibility between the
displaced and displacing fluids; lrthisiprocess; thedisplacing fluid issmiscible, or will
mix in all proportions with the ‘displaced fluid. Three basic types of miscible fluid
displacement are high pressure dry gas drives, enriched gas drives, and miscible slug
drives. The first two employ more volatile components in the reservoir to aid in the
development or creation of the miscible zone. In miscible slug injection, a slug or
bank of liquefied petroleum gas (LPG) followed by scavenging gas is injected into the
reservoir. This slug displaces the reservoir fluid from the swept portions of the

reservoir.



CHAPTER IV

SIMULATION RESERVOIR MODEL

In order to determine optimal production and dump flooding strategy of gas

dump flood to enhance condensate recovery, reservoir simulator was used as a tool to

predict gas and condensate production under different strategies. As a result, the best

strategy can be obtained.

The reservoir simulator ECLIPSE 300 specializing in compositional modeling

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

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

adaptive implicit (AIM)_mode was selected. \We can divide the reservoir simulation

model in to four main sections'as folows:

1.

4.

Grid sectionIns this section ‘the geometry of the reservoir and its

permeability and porosity were specified.

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

Initial reserveir-condition-was-alse-included-imnthis section.

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

specified.

\Wellbore «section: The wellbore” model 'was | constiucted and used to
calculate the vertical flow performance.

This chapter describes in details on how properties are gathered in each

section. The detail of the simulation input is shown in Appendices A and B.



19
4.1 Grid Section

In this study, we generated two reservoirs which are gas-condensate reservoir
and source reservoir (high CO, content). Both reservoirs were constructed using
Cartesian coordinate under plane geometry and homogeneous conditions. The
dimension of each reservoir is 2000 ft x 2000 ft x 100 ft. The number of grid blocks
of each reservoir is 25 x 25 x 5. The top of gas-condensate reservoir is located at a
depth of 6,000 ft, and top of the source reservoir was varied in order to consider the
effect of depth at 7,000 and 8,000 ft. The poresity of the reservoir was assumed to be
17.0%. The horizontal permeability was set-at-50-mD, and the vertical permeability
was 5 mD. Figures 4.1, 4.2,and 4.3 display the medel used in this study in the top

view, side view and 3D.view respectively.
|

4.1.1 Local Grid Refinement

Local grid refinement (LGR) was 'Js_,ed;around the dump flood and production
wells in order to obtain accurate calculatior"u'of, liquid dropout around the wellbores. In
the reservoir simulator, we need o specify LTG# name, coordinate, and the number of
refined cells. The details of LGR are shown in Table 4.1.

Table 4.1: Description bf local grid refinement

LGR coordinate Number of refined cells
LGR name
| J K X Y Z
Producer 24-25 24-25 1-5 8 8 5
Dump_FL 1-2 1-2 1-5,7-11 8 8 5
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3D view of the reservoir model.
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4.2 Fluid Section

The initial fluid conditions such as datum depth, pressure at datum depth, and
water-oil contact depth was specified in Equilibration Data Specification (EQUIL)
section which was used to generate consistent oil and gas compositions for each cell.
The equation of state used in this study is Peng-Robinson. A typical composition of
gas-condensate found in the Gulf of Thailand was used for the gas-condensate
reservoir model while a binary-component system.(C,/CO,) was used for the source
reservoir model. Four different mixtures (80:20,.60:40, 40:60, and 20:80 %mole of
C1:COy) were investigated in_this.study. Table 4.2 illustrates the fluid composition in

the gas-condensate reservoii \

i
Table 4.2: The initial copaposition of the fegervoir fluid

)

Component.; ‘ . Mole fraction
Carbon dioxride’“ f‘ . 0.012302
Methane — 0509910
. Ethane i 01084326
.7 Propane 0.063958
_Isobutane 0.034127
Normakbutane 0.038989
Isopentane 0.014286
Normal pentane 0.013988
Hexane 0.072718
Hepthane plus 0.065366
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The physical properties of each component and the binary interaction coefficients of

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

Table 4.3: Physical properties of each component

Boiling Critical Critical Critical .
Component | points pressure temp. volsyme Molecular | Acentric
CR) (psia) CR) (ft*/1b- weight factor
mole)

CO, 350.46 1071.3 548464 | 1.5057 44.01 0.225
C. 200.88 667.78 343.08 15698 | 16.043 | 0.013
C, 332.28 708,34 549,77 2:3707 30.07 | 0.0986
Cs 415.98 6i5.76 | | 66564 | 82037 | 44.097 | 01524

i-C, 470.34 50905, -1 73458 | 42129 | 58123 | 0.1848

n-Cs 490.86 550166+ | 76536 | 4.0847 | 58123 | 0.201

i-Cs 521.80 40168 || 1828.72 \| 14.9337 72.15 0.227

n-Cs 556.56 488.79 84528, |\ 49817 72.15 0.251
Ce 60660 |/ 48662 | 91350 | 56225 | 86177 | 0.299
Cr 734.08 40326~ | 106L3 |\ 7.509 115 | 0.38056

co, C, ¥2'¢ C, i-C, | nC, | i€ | n-Cs | Cs Cy.

CO, | 0.000 | 0.1000 [+0.100 | 0.100 | 0.100 | 0.100 | 6100 | 0.100 | 0.1000 | 0.1000

C, | 0.100 |,0:0000; |£0:000, |10:000; |50:000 |y 0:000; |~0.000 4-0.000 | 0.0279 | 0.0378

C, | 0.100 | 0:0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0100 | 0.0100

C; | 0:100g) 0-:0000 | (0.000 +0:60Q0 [ 0.000, /~0.0004|~0.000 0:0004(,0.0100 | 0.0100

i-C, | 0400 | 0.0000 | 0.000 [ 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000

n-C, | 0.100 | 0.0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000

i-Cs | 0.100 | 0.0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000

n-Cs | 0.100 | 0.0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000

Cs | 0.100 | 0.0279 | 0.010 | 0.010 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000

Cs. | 0.100 | 0.0378 | 0.010 | 0.010 | 0.000 | 0.000 | 0.000 | 0.000 | 0.0000 | 0.0000
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In this study, the reservoir temperature was assumed to be constant at 293 °F

and the initial reservoir pressure of gas-condensate reservoir was 3,000 psi. With this
reservoir pressure, reservoir temperature and fluid composition, the phase behavior of
gas-condensate reservoir and binary C;:CO, system is displayed in Figure 4.4 and 4.5,

respectively.

Fressure psia
o
o
o

“ooo 0 brsbr i1%' - odo 300
emg?‘o-tm; 4‘4
Figure 4.4: Phase behavior gpiﬁe S ond sate reservoir fluid system.
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Figure 4.5: Phase envelope of binary C;:CO, system.
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In order to have a better understanding of the effect of CO, concentration on
behavior of reservoir fluid, phase envelopes of reservoir fluid mixed with different
concentrations of CO, as shown in Table 4.5 are constructed and shown in Figure 4.6.
The diagram illustrates that CO, lowers the dewpoint pressure and cricondentherm of
the mixture. This means the mixture is more likely to be single-phase gas when a

large amount of CO; is injected.

Table 4.5: Prediction of fluid composition when gas condensate mixes with
different %omoles of C; and CO»

Mole-Ezraction
Component .
z 7200400, | z+40%€0, | z+60%C0, | z+80%CO,
Co, 0.012302 ¢ 04196600 || | 0.394740 0.580 0.790
C 0.599910 | 0681590 | 4 0.508620 0.350 0.174
C, 0.084326" | £ 0024876 |, 0.015259 0.013 0.007
Cs 0.063988 4| J0.919000 [ 0015250 0.013 0.007
IC, 0.034127 |4 0009950~ 1%, 0.010172 0.005 0.003
NC, 0.038989 4| 0.009950 |+ ,0.010172 0.005 0.003
IC; 0.014286 | 0004975 | 0008138 0.004 0.001
NC; 0.013988 | 0084975 | 0.007121 0.004 0.001
Cs 0.072718 |~ 0624876 . | ' 0.015250 0.013 0.007
Con 0.065366 | 0019900 | 0015250 12/ 0,013 0.007

Fressure psia

R S o e I e e B I B e T S B B e e M ma
-200 —10G a 100 200 300
Temperaoture F

Figure 4.6: Phase behavior of reservoir fluid mixed with different concentrations of
CO..



4.3 SCAL (Special Core Analysis) Section

Two tables of relative permeabilities (k;) and capillary pressures (pc) as
functions of saturation in ECLIPSE allow us to enter gas/oil relative permeabilities

and gas/water relative permeabilities into the software as depicted in Tables 4.6 and

4.7, respectively. These functions are shown in Figures 4.7 and 4.8.

Krg
Kro
Kew
Sw
Sg
Pc

is relative permeability to gas

is relative permeability to il

is relative permeability to'water

is saturation of water

is saturation ef gas

is capillary pressure;

it

Table 4.6: Gas and oil relative perrﬁeabilitli_es":

Sq krgr‘ ! Kro

0 Grsidy 0.897
0.03515 7.63E-05 0.705923
0,0703 0.00061" 0.544104
0:10545 0.002059 0.409125
0.1406 0.00488 0.298553
0.17575 0.009531 0.209941
0.2109 0.01647 <0.140865
0.24605 0.026154 0.0889
0.2812 0.03904 0.051603
0.31635 0.055586 0.026534
0.3515 0.07625 0.011275
0.38665 0.101489 0,003398
0.4218 0.13176 0.000433
0.45695 0.167521 0
0.4921 0.20923 0
0.52725 0.257344 0
0.5624 0.31232 0
0.59755 0.374616 0
0.6327 0.44469 0
0.66785 0.522999 0
0.703 0.61 0
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Table 4.7: Oil and water relative permeabilities

Sw krw kro
0.297 0 0.897
0.319026 1.76E-05 0.769065
0.341051 0.000141 0.653913
0.363077 0.000476 0.55087
0.385102 0.001128 0.459264
0.407128 0.002203 0.378422
0.429154 0.003807 0.307671
0.451179 0 6045 0.246339
0.473205 \3\\ 0.193752
049523 ~ | 001 r f 0.149238
0.517256 *‘i\m»’ 0.112125
0.539282f= 0023450 0.081739
0.561307= | 0.0304 wq..__ 0.057408

0.583333«" "/ /0,038722 ., 0.038459
0.605358¢#" /) 0048363 | " 0.024219
0621884 & £/ [ 0059484 0.014016
0.649410 4 J /. 0.07219 | 0.007176
067 ﬂljf@m" \ \&0.003027

4f £ .. (0.10278 000897
o.71 486, /| 012089 ~_0.000112
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Figure 4.8: Oil and water relative permeabilities.
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4.4 \Wellbore Section

The production and source wells in this study have the same tubing outside
diameter of 3-1/2 inches with an inside diameter of 2.992 inches. The perforation
interval is from the top to the bottom of the reservoir. The schematic of wellbore
configuration of production well and source well are shown in Figures 4.9 and 4.10,
respectively.

Casing Shoe

(5]

4 000 -1

3-1/2 inch Tubing

1INYQY

Perforation at depth 6,000 ft
to 6.100 ft.

Figure 4.9: Casing and tubing flow model for the production well.
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4.4.1 Vertical Flow Performance

In this study, multiple sets of vertical flow performance(VFP) curves were
generated by production and system performance analysis software (PROSPER) for
the variety of composition in the source to traget reservoirs. Each set of VFP curves is

for specific CO, concentration and depth difference between source and target

reservoirs. The chosen vertical flow correlation is Fancher Brown. The bottomhole
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CHAPTER YV

SIMULATION RESULTS AND DISCUSSIONS

This chapter starts by introducing the production of gas-condensate reservoir
with natural depletion. After that, gas dump flood was implemented for pressure
maintenance and revaporization to prevent condensate dropout in the reservoir. After
introduction of gas dump flood, simulation runs under different scenarios were
performed by considering three main variables affecting condensate recovery. The
results are discussed in terms-0f condensate recovery-and the effect of each variable.
We also analyze and™ discuss the results of gas dump flood compared with
conventional CO, injection.

A target tubing*head pressure of 500 psia with vertical flow performance VFP
NO.1 (see Appendix B) was used for thé production well. This limit is a common
tubing head pressure used in Gulf of Th_aiiand when a booster compressor is not
installed. For the source well, an appropriat'e'vertical flow performance (see Appendix
B) according to the percent mele in ea(fh composition of source reservoir and
difference in depth between source and targét "r".éservoirs was used. In gas dump flood
process, there is no limitation on cross flow from the. source to target reservoirs. The
fluid is allowed to=flew —naturatly—from—the-—source to target reservoirs. The
abandonment rates were defined by assuming a typical daily operating cost at

minimum gas rate of 100 MSCF/D and minimum oil production rate of 10 STB/D.
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5.1 Production with Natural Depletion

The objective of this scenario is to investigate the problem of condensate build
up in gas-condensate reservoir when normal depletion leaves valuable condensate
fluids in a reservoir and condensate blockage can cause a loss of well productivity.

The production well is placed at coordinate (8, 8) in LGR grid representing the
producer (located at coordinate (25, 25) fin the global grid) as shown in Figure 5.1.
This location of production well is simila.tr', ( /ydump flood case which is discussed
in section 5.2 in order to ‘compare thei_rJ perfdrmgngz The maximum gas production

rate which is set at 10,000 MSCF/D is used as.the control variable. The gas

production rate is kept.gonst

s long as the reservoir pressure can sustain such rate

it of 0 psia and vertical flow performance VFP

Figure 5.1: Location of production‘weli in 8D reservoir. model.
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Gas production rate and condensate production rate from the simulation is
shown in Figures 5.2 and 5.3, respectively. At early times, gas and condensate
production rates are constant while the bottomhole pressure declines (see Figure 5.4).
After the bottomhole pressure drops below the dewpoint pressure of 2,188 psi, the
condensate production rate declines and liquid starts to condense in the pore space as
shown in Figure 5.5
Figure 5.5 illustrates the detail of condensate build-up around the wellbore.
The condensate saturation around the wellbore increases as the pressure becomes
lower. At early times of condensate accumulation, condensate cannot flow in the
reservoir. This condensaté accumulation around the wellbore are called condensate
blockage which causes thesproblem of gas flow performance. When the condensate
saturation reaches 0.297g condensate starts to flow. The condensate saturation in
Figures 5.5 and 5.6 decreases at late time period because condensate revaporizes as
the pressure drops to low values. Figure 5';7 is used to explain in details that when the
pressure drops with constant reservoir ter';sperature (293 °F), liquid is transformed to
vapor. Since there is now a/higher amo(j_r'i;t of gas in the reservoir and gas is less
viscous than condensate, @ higher volu_r'hé;JQf gas flows out of the reservoir,
contributing to higher flow rates of gas anﬁ b&_)ndensate (since revaporized gas will
condense into condensate again"at standard ‘c'c_J_r;(_jirtions). Finally, simulation run stops

because the gas or cofdensate production rate reaches abandonment rates.
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Figure 5.3: Condensate production rate for natural depletion.
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Figure 5.8a shows the condensate saturation at the beginning of natural

depletion case. The dark blue color represents zero condensate saturation. Then, liquid

dropout occurs around the wellbore after the bottomhole pressure reaches the

dewpoint pressure as shown in Figure 5.8b. In Figure 5.8c, the liquid dropout

propagates further, covering the entrie reservoir. Note that the liquid dropout around
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the wellbore is mobile at this point since its saturation is higher than the critical
condensate saturation. After that, the condensate saturation in the reservoir decreases
because the liquid dropout starts to revaporize.
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(b) Liquid starts to drop out around the wellbore.

Figure 5.8: Condensate saturation when producing with natural depletion.
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In this scenario, we can see that production with natural depletion does not

effectively recover condensate and gas from the reservoir. At early time, the

bottomhole pressure declines very quickly until it reaches the BHP limit calculated by

vertical flow performance. Then, gas production rate declines until it reaches the

abandonment rates. As a result, only 47% of condensate and 71% of hydrocarbon gas
can be recovered.

R
{l

AU INENTNEINS
RINNIUUNIININY



41
5.2 Gas Dump Flood Mechanism

In the Gulf of Thailand, many gas fields are multi-stacked reservoirs. Some of
these reservoirs have high CO, content. In many cases, it is not economical to produce
gas from these reservoirs. One way to make use of this high-pressure gas is to
perform internal dump flood in which high CO, gas is flowed from the source
reservoir to the target gas-condensate resenvoir to increase the pressure of the target
reservoir as well as to reduce the dewpoint of.thereservoir fluid. The main purpose is
to increase condensate recovery by preventing-condensate dropout in the target
reservoir.

The objective gifsthis.section is to investigate the performance of gas dump
flood process. In this case, gas.dump flood is started when the pressure of the target
reservoir is equal to the dewpoint pre‘géhre of 2,188 psia. The source reservoir
containing 40% mole of /C, and 60% of CO;, is located 2,000 ft below the target
reservoir. The production wellis placed at eoordinate (8, 8) in LGR grid representing
the producer (located at eoordinate' (25, 25)/in the global grid), and the source well is
placed at coordinate (1, 1)'in LGR grid rebre'senting the connection between source
and target reservoirs (located at coordinaté_-.(_l, 1) in the global grid) in order to
simulate a quarter five-spot pattern. The gas from the source reservoir is allowed to
flow to the target reservoir naturally without any control.“The simulation stops if the
gas or condensate production rate from the production well drops below the
abandonment rates.

Figures 5.9/and 5.10:show gas production rate and condensate production rate
with and without gas dump flood, respectively. For production without the gas dump
flood, we get shortplateau followed by decline for gas-and candensate production.
For gas ‘dump flood, initially, the same kind of plateau and decline in gas and
condensate production rate is seen. After we start the gas dump flood when the
reservoir pressure is equal to the dewpoint pressure, the gas and condensate
production rates increase as a result of pressure maintenance as indicated by circle 1
in Figures 5.9 and 5.10. The gas rate is increased to the maximum rate of 10,000
Mscf/d and maintained constant for almost a year. For condensate rate, it initially

increases to a value higher than the original condensate plateau rate because of
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revaporization of condensate dropout around the wellbore. After that, it stabilizes at
the plateau rate for a while. Then both gas and condensate decline again. In green
circle number 2, sufficient amount of flooding gas has reached the production well,
making the dewpoint pressure of the new mixture lower than the bottomhole pressure.
The phase diagram of the mixture is illustrated in Figure 5.11. The diagram illustrates
that CO, lowers the dewpoint pressure and cricondentherm of the mixture. This

means the mixture is more likely to t‘e’pgle-phase gas when a flooding gas mixes

with the target reservoir fluid. Q% istance to flow is reduced due to the
reduction of condensate QIG& his increase in gas and condensate

—
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Figure 5.12 depicts the cross flow profile from the source reservoir to the

target reservoir. At the initial period of gas dump flood, the highest cross flow rate

occurs because of large pressure difference between the source and the target

reservoirs. Then, the rate declines rapidly to a more stable rate because of pressure

equilibrium between the two reservoirs. The cross flow rate increases again when the
flooding gas starts to break through the producing well.
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When producing with gas dump flood, the reservoir pressure can be
maintained to prevent liquid from dropping out. In addition, flooding gas can reduce
the dewpoint of the reservoir fluid. Figure 5.18a shows condensate saturation in the
grid blocks at the beginning of the gas dump flood. Initially, there is no liquid in each
grid block. In Figure 5.18b, the liquid dropout occurs around the wellbore as the
pressure in the grid blocks around the wellbore drops below the dewpoint pressure.
During revaporization from gas dump flood, flooding gas starts to invade into the grid
blocks and revaporizes condensate as shownin Figure 5.18c. We can see that the
condensate saturation in the grid blocks closer té) the producer is around 0.35, and the
condensate saturation in the grid bIocR’s closer to the injector is around zero. After
continuous flooding, aI_I_;,liquig: around uthe wellbore is revaporrized and condensate
saturation in most grid %reduce to ﬁ_ero as shown in Figure 5.18d.
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(a) Original saturation.

Figure 5.18: Condensate saturation when producing with gas dump flood.
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In this scenario, the producflon Wlff; gqs dump flood can effectively recover
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5.3 Effect of Starting Time of Gas Dump Flood

The objective of this section is to find the optimal time to start gas dump flood.
The gas-condensate reservoir is produced together with gas dump flood, started at
different times. In this study, we use the following starting times for gas dump flood:

= At the beginning

= When the reservoir pressure is 300 psi higher than the dewpoint pressure

= When the reservoir pressure is equal to'the dewpoint pressure (2,188 psi)

= When the reservoir-pressure is 1,000 psilower than the dewpoint pressure

For all cases, thessource reservoir containing 40% mole of C; and 60% of CO,
is located at 1,000 ft below.the target reservoir. The condensate and gas production
rates, condensate saturation, total condensate and gas productions and production life

are discussed.
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As shown in Figure 5.19, the gas production rate in natural depletion case
declines when the bottomhole pressure reaches the limit calculated from vertical flow
performance. In all cases of gas dump flood, the gas production rate increases as a
result of pressure maintenance. However, if gas dump flood is started when the
reservoir pressure is 1,000 psi lower than the dewpoint pressure, the gas production
rate cannot rebound to the maximum rate because the pressure from the source
reservoir is not high enough to bring

the gas production of the target reservoir
which already has low pressure.
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Figure 5.20 illustrates condensate production rate for different starting times

of gas dump flood. In natural depletion case, we get only a short plateau period as
discussed in Section 5.1. In all cases of gas dump flood, condensate production rate
increases promptly when gas dump flood is started. Nevertheless, since flooding gas
break the production well, the condensate production rate slightly increases because
around the producing well area there exist only a small amount of condensate dropout.
Consequently, after breakthrough i small amount of condensate dropout

revaporizes. gg

If gas dump flood is md when t Oir pressure is 1,000 psi lower than
the dewpoint pressure, thﬁr already WN of condensate dropout prior
to gas dump flood. Aft Iood IS W condensate production rate

I’t from the source reservoir cannot sustain
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Figure 5.20: Condensate production rate for different starting times of gas dump
flood.
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As mentioned earlier, the main objective of gas dump flood is to maintain the
reservoir pressure above the dewpoint pressure in order to prevent condensate dropout
but different starting times of gas dump flood obtain different condensate saturation
profiles during the production life as shown in Figure 5.21. If gas dump flood is
delayed, the heavy component or condensate existing around the production well
cannot flow and blocks the flow of fluid to the production well for a longer period,
roduction.

resulting in a decrease in total conden 1e/n
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Table 5.1 shows the cumulative hydrocarbon gas production for gas dump

flood being started at different times. There is a large increase in gas recovery when
producing gas-condensate reservoir with gas dump flood compared with natural
depletion case. If gas dump flood is started when the pressure is still higher than or
equal to the dewpoint pressure, there is an increase of around 13% of gas recovery
factor for all cases. However, by starting dump flood after the reservoir pressure is
1,000 psi lower than the dewpoint pressure, there is a larger increase in gas recovery.
In these cases, the variation of starting time before the reservoir pressure drops the

below dewpoint does not have much effect on_laerease in gas recovery.

Table 5.1: Cumulative hydrocarbon gas production and recovery factor for different

starting times.of gas dump flood

. . ‘Cumulative hydrocarbon gas
.. " . = PR rery fact
Starting time of gasidurp flood i’ produetion(MSCF) ecovery factor
1. None ‘B 5,522,105 L 71.54%*
2 Atthebeginning ' Jo JZ G4 N whe 8§445% 7
3. When the reservoir pressurais 300 fsi . Y. 84,419 **
higher than the dewpoint pressure = ; g e
4. When the reservoir pressure is equal o | 9.036.973 84,3005 %4
the dewpoint pressure (2.188 psi) Py Der0
5. When the reservoir-pressureis 1,000 psi §
] - ; 9,625,004 i 89.80% **
lower than the dewpoint pressure i

remark:  * _based on OGIP of target reservoir.

**| based on OGIP of target and source.reservoirs:
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Table 5.2 illustrates the cumulative condensate production for gas dump flood
started at different times. Condensate recovery increases by 40% approximately when
gas dump flood is started at the pressure is equal to or higher than the dewpoint
pressure. If gas dump flood is started later as in the case when the reservoir pressure is
1,000 psi below the dewpoint, there is less increment in cumulative condensate

production.

Table 5.2: Cumulative condensate produetion and recovery factor for different

starting times of gas dump flood

Cumulative condensate |
ing ti 5 - i Recovery fact
Starting time of gas.dup flood production (STB) ecovery factor
1. None | 454,939 L 47.88%
2. At the beginning ' 823,261 L 86.65%
3. When the reservoir pressurg’is 300 psi N, 86.67%
higher than the dewpointpressure h D0
4. When the reservoir pressuge is equal to . . 26.67%
the dewpoint pressure (2.188 psi) - 8’ e
5. When the reservoir pressure is 1.000 psi e dis 1 ;
] . =, 772,550 ; 81.31%
lower than the dewpoint presstce Bl 5

In summary, gas dump flood started when the reservoir pressure is higher than
the dewpoint pressure exhibits larger cumulative condensate production than gas
dump flood started at a pressure below the dewpoint although cumulative gas
production is less. Since thé'objective is to maximize condensate recovery, we should

start gas dump flood:before the pressure falls below.the dewpoint.
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5.4 Effect of CO, Concentration in Source Reservoir

As natural depletion causes condensate to drop out around the producer at
early times, condensate still exists at high level in the reservoir until flooding gas
arrives. In this section, the effect of the composition of the flooding gas on
condensate recovery is investigated.

Four sets of composition are used as inputs in the source reservoir to
investigate the effect of different CO, concenirations:

» C;1:CO, =80:20 %mole

» C;1:CO, =60:40.%mole

» C;:CO; = 40:60 %mole

= C;:CO, = 20:80 %mole

In this section, gasidump flood is performed when the reservoir pressure is 300
psi higher than the dewpoint pressure. The source reservoir is located 2,000 ft below
the target reservoir. The effect of different CO, concentrations on condensate
saturation in the grid blocks'is shown in Fighren5.22.

Figures 5.22 and 5.23 depict condensai_te_saturation profile at local grid (5, 5, 3)
of the production well and cross flow rate for source gas containing different CO,
percent moles, respectively. When the percent mole of €O, in the source reservoir is
less, the movement of.cross flow from the source reservoir to the target reservoir is
faster because CO, haS smolecular weight' heavier than methane. Consequently,
flooding gas from the (case ©of lower percent mole of CO, tan maintain the reservoir
pressure to prevent the condensate «dropout in the reservoir slower than the case of
higher qpercent male ‘of CO,.! However, when the flooding gas break through the
production well, lower the percent mole of CO, shows the result that the condensate
revaporizes slower than the case of higher the percent mole of CO,. This is simply
because CO, gas reduces the dewpoint of the resulting mixture. As the percent mole
of CO; in the source reservoir increases, the percent mole of CO, in the produced gas

increases as well as shown in Figure 5.24.
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59

CO, Concentration
80%

—C1:C02Z = 80:20%
— C1:C02 = 60:40%
60% —— = C1:C0Z = 40:60%

50% — C1:C02 = 20:80% /
40%

0% —

30%
20%
10%
0%
0 4
Figure 5.24: CO, conCentration of _ r different CO, %moles in the
Table 5.3 shows : Ve as production that higher CO,
mole fraction results in hlﬁﬁé?: ydrocar roduction because higher C;
concentration causes an mcreas@gu}z{-f i ocarbon gas in place
Table 5.3: Cumulat erent CO, %moles in the
W
flooding-gas

s i
i Recovery factor

71.55%*

__________________________________________________________________

78.23%%*
4. C:CO, = 40:60 % 8,031,477 83.33%%*
5.C:CO, = 20:80 % 8,223,337 L 00.19%%*

remark:  * based on OGIP of target reservoir.
** based on OGIP of target and source reservoirs with different CO,
%moles.
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In terms of cumulative condensate recovery, higher CO, mole fraction results

in slightly higher condensate recovery as depicted in Table 5.4. This is because
higher CO, concentration causes an increased amount of condensate revaporization in

the reservoir.

Table 5.4: Cumulative condensate production for different CO, %moles in the

flooding gas

Case | Recovery factor

1. Natural depletion 47.88%
"""""" 2. CyCOy = 8020 %™ i | Lo 86.95%
"""""" 3.CrC0,= 60409 o A0\ S5 s7T40%
. acico=a0c088 AN w1 sie%
"""""" 5.coco=2080% A 41 o 52 ss0s%

AU INENTNEINS
RINNIUUNIININY
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5.5 Effect of Depth Difference between Source and Target

Reservoirs

To study the effect of difference in depths of the source reservoir and the
target reservoir, simulation runs are performed for investigation in which gas dump
flood is started when the reservoir pressure equals to the dewpoint pressure at 2,188
psi with CO, percent mole of 60% in the flooding gas. When the depth difference is
higher, the difference in pressures between ihetwo reservoirs becomes larger as well.
The source and target reservoirs in the model are set to have depth difference as
follows:

= 1,000 ft or 433 psi

= 2,000 ft or 866 psi

In order to acceunt for the depthﬁ difference between source and target
reservoirs as mentioned above,‘two sets of vertical flow performance curves are
needed. In this case, VFP NO. 4 and NO. '8}(see Appendix B) are used for cases with
depth difference of 1,000 and 2,000 ft, respéct.i"{’}ely. The effect of depth difference on
gas production rate, condensate production rate, cross flow between the source and
target reservoirs and cumulaiive-condensate-production-are tiscussed in this section.
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The gas production profile, condensate production profile, and cross flow
between the source and target reservoirs for two depth differences are shown Figures
5.25, 5.26, and 5.27, respectively. The second gas production plateau rate after gas
dump flood is extended when the depth or pressure difference between the source and
target reservoirs is large. This results in a faster recovery of gas and condensate. In
Figure 5.27, a higher cross flow from the source to the target reservoirs is seen when

the depth difference becomes larger.

MSCF/D

12,000
—— Depth difference = 1000 ft

10,000 — Depth difference = 2000 ft

!'

3,000

6,000

4,000

2,000

e for va@Js depth differences.

ﬂ‘lJEJ’J“/lEJWﬁWEJ']ﬂ‘i
QW’]&Nﬂ‘im UA1AINYA Y



63

STB/D Condensate Production Rate
1,600

—— Depth difference = 1000 ft

1,400

——Depth difference = 2000 ft
1,2pq |e—

1,000

800

600

400

200

MSCF/D

50,000

——Depth difference = 1000 ft
45,000

40,000 pth difference = 2000 ft

35,000

10,000 ‘ o

--——--—--‘I-. 1 :
A g

2 3 4 5

Figure 5.27: Cross flow rate from source to target reservoirs for various depth

differences.
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Figures 5.28 and 5.29 display condensate saturation at local grid and CO,
concentration at the production well, respectively. The condensate dropout around the
wellbore is revaporized faster when there is depth difference because flooding gas

reaches the producing well faster as shown in Figure 5.28.

Condensate Saturation at LGR(5 5 3)
40% :
——Depth difference = 1000 ft
— A
‘ l —— Depth difference = 2000 ft
30%
S ]
20% . I
|
el L
N l='
0% .
] 4 5
Figure 5.28: Condensate _ ral 5 /2 at local grid (5, 5, 3) for various depth

Z

-
AUEINENINYINg
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CO, Concentration
60%
——Depth difference = 1000 ft
0% ——Depth difference = 2000 ft
40%
30%
20%
10%:
0%
4 5
Figure 5.29: CO, g0 fation p ) al grid (5, 5, 3) for various depth
Cumulative hydreCarpon g roduction are shown in Tables
5.5 and 5.6, respectively hat the cumulative hydrocarbon gas

Table 5.5: Cumulative dFoca n for \Qious depth differences

Recmre:r}r factor
jlﬂ 1'O§ ﬂ 71.55%*

.......................................................................................................................................................

€ .@pmﬂamrehydmca:rboﬂgas ;

remark:  * based on OGIP of target reservoir.
** based on OGIP of target and source reservoirs with different depth.
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Table 5.6: Cumulative condensate production for various depth differences

Case | Cumulativ:le condensate Recovery factor
' production (STB) :
1. Natural depletion 454,939 47.88%
2 Depthdifference=1,000% | - 23470 86.67%
"""""" 3. Depth difference =2,000 & 834365 | §7.82%

In summary, the effect of depth cifference between source and target

reservoirs can be summarized as follows:

a) The maximum-gas and-condensate production rate can be achieved easily
by having higherdepth differlence because the potential of flooding gas in
deeper depih is_higher in roWj_ng pressure from the source to the target
reservoirs. g

b) Even though the  depth diffé.reﬁce between the source and the target
reservoirs has @ slightly imphcta;on cumulative hydrocarbon gas and
condensate production.but we déh_recover in case of high depth difference
faster than in case of low dep@ﬂifference due to the fact that higher
difference in depth has a higher différence in pressure between the source

and the target.reservolrs.
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5.6 Comparison between Gas Dump Flood and

Conventional CO, Injection

In this scenario, gas injection cases were simulated in order to compare its
performance with gas dump flood. We also investigated the effect injection rate on
condensate recovery. According to the results in Section 5.3, the highest cumulative
condensate production was obtained by starting gas dump flood at the reservoir
pressure equal to or higher than the dewpoini pressure. Therefore, in this scenario,
conventional CO; injection-was implemented when the reservoir pressure equals to
the dewpoint pressure 0f2,188psi: The injection rate was varied from 4,000 MSCF/D
to 12,000 MSCF/D in"a stgp of 2,000 MSCFE/D increment. The location of injection
well is the same as the"souice well'in previous cases at eoordinate (1, 1) in LGR grid
(located at coordinate (1, 1) in the globél grid). The maximum gas production rate
which was set at 10,000 MSCF/D was Jl—Jsed as the control variable. The gas
production rate was kept gonstant as long as'the reservoir pressure can sustain such
rate with a tubing head pressure limit of SOépsnia and vertical flow performance VFP
NO.1 (see Appendix B) which is-the same;,a;""in gas dump flood cases. Simulation
runs stopped when. the gas production rate réached abandonment rates of 100
MSCF/D or condensate-produciion-rate-0f-10-STB/D-

The gas and condensate production rates for different injection strategies are
shown in Figures 5.30 and 5.31, respectively. At early time, gas and condensate
production rates are; constantowhilel the bottomhole /pressure-declines as shown in
Figures 5.32, 5,33, 5.34; 5.35 and"5.36 forthe injection case of 4,000, 6,000, 8,000,
10,000,.and 12,000 MSCF/D, respectively. After tiie bottomhaole pressure drops below
dewpoint pressure,»gastand cendensate~production rates decrease’and’ liquid starts to
condense in the pore space. After that, the injection is performed when the reservoir

pressure equal to dewpoint pressure.
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Figure 5.30: Gas/produg on Oro "r \\ ases with various injection
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Figure 5.31: Condensate production profile for injection cases with various

injection rates.
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psia Bottomhole Pressure VS Condensate Saturation
3,000 40%
- 35%
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%\' o -
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Figure 5.32: Bottamhale pressure ar - saturation in LGR(8 8 5) for
s
P
psia Bottomhole Pressure
3,000 40%
- 35%
2,500
- 30%
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- 15%
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] 1 2 3 4 3 5]
Bottomhole Pressure —— Condensate Saturation at LGR(8 8 5) Time [year)

Figure 5.33: Bottomhole pressure and condensate saturation in LGR(8 8 5) for

injection case of 6,000 MSCF/D.
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psia Bottomhole Pressure VS Condensate Saturation
3,000 M 40%
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2,500 h"
V - 30%
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Figure 5.34: Bottomhole pressure and condensate saturation in LGR(8 8 5) for
psia sate Saturation
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Figure 5.35: Bottomhole pressure and condensate saturation in LGR(8 8 5) for

injection case of 10,000 MSCF/D.
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psia Bottomhole Pressure VS Condensate Saturation
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Figure 5.36: Both)of(; pressufe and condensate saturation in LGR(8 8 5) for
rn]ecnon \}ase of 12,000 MSCF/D.

..-cp

Figures 5.32 to 5.36 also shiow tha‘néqndensate saturation around the wellbore
increases as condensate accumulates until ch:hes the critical condensate saturation.
Then, condensate revaporlzes after-the flooo‘mg-gas breaks through the production
well for some perlod ef_tlme_and_LmALers_thejewpanpresswe of the new mixture as
discussed in Sectlon 5.2. The production life is sho;ten when the injection rate
increases because higher injection rate can maintain the reservoir pressure to achieve
the maximum production rate until.the.simulation stop.because.condensate production
rate reaches the abandonmernt rates-of 10'STB/D.

Table 5.7 shows cumulative®condensate preduction for various CO, injection
rates. By increasing the injectian rate, the cumulative candensate-production gradually
increases. This trend continues until gas injection rate reaches 8,000 MSCF/D. After
that, an increase in gas injection rate has a negative effect on cumulative condensate
production because higher injection rate results in less sweep efficiency as shown in
Figure 5.37, leaving condensate in the lateral area of the target reservoir.
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Table 5.7: Cumulative condensate production for various CO; injection rates

Case Cumulativ.e condensate Recovery factor
' production (STB)

1. Natural depletion 454,939 :
 2.Injectionrate 4000MSCED 783122 8242%
"""""" 3.Injection rate 6,000 MSCE/D | 807,606 |  8500%
"""""" 4.Injection rate 8,000 MSCF/D | 846828 |  89.13%
""""""" 5.Injectionrate 10,000MSCE/D _ y 4 842208  8364%
""""""" 6 '"ﬂljE&I&;}{}A{Qiiﬁbﬁ'iii's"éﬁ}ii' \V/ 8331528?699’

laiu ce ['X_) R

Flgudre 5.37: CO; saturatlon in the target reservoir.

AUYINYNTNYINT

Table 58 depicts cumulatl\ée hydrocarbon gas productlon for various CO,

QR TN AR e

increases, because higher injection rate results in less sweep efficiency as the same

reason of less cumulative condensate recovery as mentioned above.
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Table 5.8: Cumulative hydrocarbon gas production for various CO, injection rates

Methods 5 C‘T:j;i;zfﬁggg gas Recovery factor

1. Natural depletion 5.522.105 L T1.55%*
2 Injectionrate 4,000 MSCED | 7690185 | 99 64%* |
3. Injectionrate 6,000 MSCED | 7571177 | 08.10%* |
""""" 4 Injectionrate 000 MSCED | 7301255 | 0577%%
""""" 5 Injectionrate 10000 MSCFD _ \  } . 7353996 | 0528%*
6. Injection rate 12,000 MSCED | | Sl 7205013  94520%

remark:  * based on OGIP of target reservoir:

After discussing theseffect of injection rates on conventional CO; flooding in
the gas condensate reservair, the 8,000 MSCF/D of COy3 injection case is selected for
comparison with the gas dump flood ca;se which has 60 percent mole of CO; and
2,000 ft in depth difference. Figures 5-‘.'3é and 5.39 display gas and condensate
production rates for different recovery prof:ess’es. As previously discussed, in the gas
dump flood case, the cross flow rate is'\',;er’yn high at the early time then rapidly
decreases while the gas rate in the €O, injeéid‘ﬁ: case is stable. Therefore, the gas and
condensate production rate of CO; injectidﬁ"é‘eiée is less than those of the gas dump
flood case at early and-middie-time as-a consequence-of difference in condensate
saturation around the wellbore as shown in Figure 5.40 due to different degrees of

pressure support from flooding gas.
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Figure 5.39: Condensate production profile for different production strategies.
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Figure 5.40 and 5.41 illustrate the condensate saturation profile at local grid

and bottomhole pressure for different recovery processes. The condensate saturation
profile of injection case is more stable than that of gas dump flood case because the
pressure maintenance process of CO, injection constantly sustains the bottomhole
pressure along the production life. At late time of injection case or after CO,
breakthrough, the reservoir fluid is changed by flooding process. At this period,
flooding gas reduces the dewpoint pr

’re of the fluid in the target reservoir. As a

&)izes into gas phase.
40%

ﬁ - f T
35% ' ’ SN

30% Sl A\

consequence, condensate aroun_\

25%

20%

15%
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Figure 5.40: Conq;ensate saturation proflle for dlfferent production strategies.
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i Bottomhole Pressure
3,000 L
2,500

2,000

i [ m—

1,000

500

4
Time (year)

1. Natural depletion ——— : L 71550

2. Gas dump 8015, | 83.10%**

3.CO, Iujecl:ioﬁr’é

__________________________________________________________

95 77%*

remark:  * basedg OGIP of target reservoir.
**ﬁased o’ OGIP of target an@.source reservoirs.

WEINENINENI

Table 5.10: Cumulative condensate productlon for different production strategies
=3 O/

3. CO, Injection 846.828 L 89.13%
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Tables 5.9 and 5.10 show comparison between gas dump flood and CO,
injection cases. In term of hydrocarbon gas and condensate recovery, CO; injection
has higher cumulative hydrocarbon gas and condensate recovery and slightly longer
production life time. However, the disadvantage of CO; injection is that we need to

invest on gas injection system.

AU INENTNEINS
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, general conclusions are drawn from the results of simulation
runs for gas-condensate reservoir with emphasis on gas dump flood mechanism, effect
of starting time of CO, dump flood,, effect of CO, concentration in the source
reservoir and effect of depth difference ‘hetween source and target reservoirs. In

addition, we discuss possible improvements.ef.ine current work.
6.1 Conclusions

Based on a speeifig’ set of inpu'f data, simulation results obtained from
ECLIPSE 300 simulator,/gas dump flood mechanism, effect of several variables on

condensate recovery enhangement can be concluded as follows:

1. Gas dump flood can-increase the condensate recovery by keeping the
reservoir pressure_high and revapoerizing the liquid around the wellbore.

2. The best starting time to start CO, dump fileod is anytime before the
pressure of the gas-condensate reservoir falis below the dewpoint. Once
the reservoir pressure falls below the ~dewpoint, the recovery of
condensate becomes less effective.

3. The increase ingoncentration of CO; in the source gas has a slight effect
on the recovery of caendensate from the target reservoir. A higher
concentration; of €O, in_the /source. gas results im a- slightly higher
condensate recovery.

4. Cases with low CO, concentration in the source gas yield higher
hydrocarbon gas recovery than cases with high CO, concentration simply
because the source gas has higher CH, concentration and it is produced
together with the gas in the target reservoir. Gas from two reservoirs is
being produced from one production well while another well is needed to

connect the source to the target reservoir. Thus, a source reservoir with
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high CH, concentration and low CO, concentration may be more
attractive.

5. Larger depth or pressure difference between the source and target
reservoirs slightly increases the condensate recovery. However, a larger
difference in depths or pressures shortens the time required to recover gas
and condensate from the target reservoir.

6. Gas dump flood process has, less both hydrocarbon gas and condensate
recovery than CO, injection. However, the disadvantage of CO; injection

is that we need to Invest on gas injeetion system.

6.2 Recommendations

As a number of assumptions and simplifications in this study such as
homogeneous reservoir properties, no dipi'angle and normal five-spot flooding pattern
were made in the simulation’ setup. Other than. the lifting the assumptions,

improvements can be made on the follthg aspects to better characterize the gas

dump flood in gas-condensate reservoir:

First, changing the concentration of 'E:dm‘positions in gas-condensate reservoir
can be investigated by varying-the-heavy-components:

Second, size of both gas-condensate and source reservoirs affect directly the
recovery in the gas dump flood process.

Third, the docation-of sounce well-and preducing-well may change the total
results because of change in flooding pattern.

Future works should._study _the. influence, of  these variables for more
understanding on“mechanism and: performancecof gas.'dump'flood into a gas-

condensate reservoir.
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APPENDIX A

A-1) Reservoir model

Two reservoir models (high CO,-content reservoir and gas-condensate
reservoir) are generated by entering required data into ECLIPSE 300 reservoir

simulator. The model used in this study composes of 25 x 25 x 11 blocks in the x-, y-

and z- directions.

A-2) Case definition

Simulator: Cempositional

Model dimensions: Number of cells in thex-direction
Number of cells in the y-direction
Numnber-of eells in the z-direction

Grid type: Cartesian 7‘

Geometry type: Block centefed _

Oil-Gas-Water options: Water, gas coﬁdénsate (ISGAS)

Number of components: 10 £

Pressure saturation options (sofution type): ». AIM

A-3) Reservoir properties

Grid

Properties: Active grid blocks:  Gas-condensate reservoir

XY, Z [ E

Source reservoir

PG Y € E

Inactive grid blocks: XY, Z =

Porosity =

Permeability k-x =

ky =

k-z =

25

25

11
25, 25, 1-5
25,25, 7-11
25, 25, 6
0.17
50 mD
50 mD

5 mD



X Grid block sizes (All X = 1-25)
Y Grid block sizes (All Y = 1-25)

Z Grid block sizes (for Z = 1-5 and 7-11)

Z Grid block sizes (for Z = 6)

Depth of top face (Top layer)

Cartesian local grid refinement

84

80 ft

80 ft

20 ft

= 1,000 ft or
= 2,000 ft

= 6,000 ft

LGR coordinate Number of refined cells
LGR name | 77 =K X | v Z
Producer 24225 4" 24:25 1-5 8 8 5
Source well 1-2 2 1-5,7-11 8 8 5
PVT table B | : .
Fluid densities at surface /1 Qil density 40 Ib/ft®
conditions Water density” 63 Ib/ft®
Gas.density . 0.001 Ib/ft®
Rock properties Reference pressure 3000 psia
Rock compressibility 4.0E-6 /psi
A-4) Miscellaneous’, Y]
Number of components | Number of components .10
Standard condition Standard temperature 60 F
Stamdard pressure 147 psia
Component names Component 1 CO,
Component 2 Cy
Component 3 Co
Component 4 Cs
Component 5 i-Cy
Component 6 n-C,
Component 7 i-Cs
Component 8 n-Cs
Component 9 Cs
Component 10 Cr+
PROPS reporting Oil PVT tables No output
options Gas PVT tables No output
Water PVT tables No output




EoS Res tables
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Pure component boiling | Component CO, 350.46 ‘R
points (Reservoir EoS) Component C; 200.88 ‘R
Component C, 332.28 ‘R
Component C3 415.98 ‘R
Component I1C,4 470.34 ‘R
Component NC4 490.86 ‘R
Component I1Cs 541.80 ‘R
Component NCs 556.56 ‘R
Component Cg 606.69 ‘R
Component Cq-. 734.08 ‘R
Critical temperature Component CO3 548.46 ‘R
(Reservoir EoS) Component C; 343.08 ‘R
Component C, 549.77 ‘R
Coempaonent Cz 665.64 ‘R
Companent 1C, 734.58 R
Comiponent NC, . | 765.36 R
Component.ICs 828.72 R
GomponentiNCs 845.28 ‘R
Compopent.Cs' 913.50 R
Component €. 1061.3 ‘R
Constant reservoir Initial reservoir * | 293 °F
temperature tempeérature .
Critical volume Component CO> & | 1.5057 ft*/lb-mole
(Reservoir E0S) Component C; . | 1.5698 ft*/Ib-mole
Component Cs - ~ |2.3707 ft°/Ib-mole
3 Component C; 3.2037 -, ft*/Ib-mole
y Component IC, 4.2129 ft3/lb-mole
Component NC, | 4.0847 ft*/Ib-mole
V Component ICs 4.9337 ft*/Ib-mole
Component NCs | 4.9817 ft*/Ib-mole
Component Cg 516225 ft*/Ib-mole
Component Oy, 1509 ft*/Ib-mole
Overall composition Component CO, 1.2302 %
for region 1 Component Cg 59.991 %
Component C, 8.4326 %
Component Cs 6.3988 %
Component I1C,4 3.4127 %
Component NC, 3.8989 %
Component I1Cs 1.4286 %
Component NCs 1.3988 %
Component Cg 7.2718 %
Component Cr. 6.5366 %
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Critical pressure Component CO, 1071.3 psia
(Reservoir Eo0S) Component C, 667.78 psia
Component C, 708.34 psia
Component Cs 615.76 psia
Component IC, 529.05 psia
Component NC,4 550.66 psia
Component ICs 491.58 psia
Component NCs 488.79 psia
Component Cg 436.62 psia
Component Ci* 403.29 psia
Equation of state Equation of Stat :
(Reservoir E0S) quthod "%’ipr (Peng-Robinson)
Molecular weights Component CO3 44.01
(Reservoir EoS) wComponent Cq 16.043
_Companent C, 30,07
"Component Cs 44.097
/ “Component IC, 58.124
/ ComponentNC, | 58.124
ComponentCs 72.151
/ /CampopentNCs | [ 72.151
Gomponent Ce 84
/ Component C7, ~ | 115
Acentric factor " |[Component €0, | 0.225
(Reservoir E0S) Component:Cy 44 | 0.013
Component Gz, | 0.0986
Component Cs~ ~ | 0.1524
o Component IC, 0.1848 -,
\7 ComponentNC, | 0.201 |
- Component ICs 0.227
~ Component NCs 0.25%
Component Cg 0.299
Component Cz. 0138056




A-5) SCAL

Gas/Oil relative permeabilities

where:
Krg
Kro
Krw
Sw

Pc

is relative permeability to gas

is relative permeability to oil

is relative permeability to water

is saturation of water

is saturation of gas

is capillary pressure

"

St o | K Kro
U 190 0.897
0.03515 4 7.63E-05 0.705923
0.0708  -0.00061 0.544104
0.10545 ~0.002059 0.409125
0.1406 4 /| [ 0.00488 0.298553
0.17575f S| .2 0.009531 0.209941
0.2109 7 0.01647 0.140865
0.24605 41470.026154 0.0889
0.28125 /|-~ 0.03904/ 0.051603
0.31635 — 0.055586. 0.026534
0.3515 ~ [~ 0.07625 0.011275
0:38665 0.101489 0.003398
04218 0.13176 10.000433
0.45695 0.167521 0
0.4921 0.20923 -0
0.52725 0.257344 0
0.5624 081232 0
0.59755 0.374616 0
0.6327 0.44469 0
0.66785 0.522999 0
0.703 0.61 0
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Oil/Water relative permeabilities

SW kI’W

0.297 0

0.319026 1.76E-05 0.769065
0.341051 0.000141 0.653913
0.363077 0.000476 0.55087
0.385102 0.001128 0.459264
0.407128 0.002203 0.378422
0.429154 0.008307 0.307671
0.451179 0.006045 0.246339
0.473205 0.009024 0.193752
0.49523 0.012849 0.149238
0.517256 0,017625 0.112125
0.539282 01023459 0.081739
0.561307 0.030456 0.057408
0.583333" , 0.038722 0.038459
0.605858 0.048363 0.024219
0.627384 .. 10.069484 0.014016
0.649410, 0.072192 0.007176
0.671435 /2.0.086592 0.003027
0.693461 - 0.102789 0.000897
0.715486° | 0.12089, 0.000112
0737512 “ = 0141~

1 Pl

-

A-6) Initialization egilibration

(Ve

[
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Equilibration | Keywords EQUIL(Equilibriim Data Specification)
Region
EquilReg 1 Equilibrium Data Datum Depth 6,000 ft
Specification Pressure at'Datum 3,000 psia
Depth
Qil-Water Contact 9,000 ft
EquilReg 2 Equilibrium Data Datum Depth 7,000 or 8,000 ft
Specification Pressure at Datum 3,433  psiaor
Depth 3,866  psia
Oil-Water Contact 9,000 ft




Region/Array

Initial water saturation (SWAT) 0.297
Initial gas saturation (SGAS) 0.703
Initial pressure 3,000 psia
Dewpoint pressure 2,188 psia
A-7) Region
y Cell
Keywords Region X Y
Equilibration region numbers I, 1-25 1-25 1-5
2 125 1-25 7-11
EOS region numbers ¥l =5 1-25 1-5
2 17225 1-25 7-11
FIP region numbers [ 1"=25 1-25 1-5
2 1-25 1-25 7-11
A-8) Schedule S
Production well " W
LGR Well Specification (PROD) [WELSPECL]
‘ #
Well #2230 PROD
Group = -
LGR - | PROD LGR
I location 8
J location 8
Datum depth = 6,000 ft
Preferred phase Gas
Inflow equation STD
Automatic shut-In‘instrtction Shut
Cross ‘flow: Yes
Densitycalculation SEG
Type of,well model S1D

Amalgamated LGR Well Comp Data (PROD) [COMPDATL]

Well PROD

LGR PROD_LGR
K upper 1

K lower 5)

Open/Shut flag Open

Well bore ID 0.2916667 ft.
Direction Z
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Production well control (PROD) [WCONPROD]

Well PROD
Open/Shut flag Open
Control GRAT
Gas rate 10000 MSCF/D
THP target 500 psia
VFP pressure table 1

Production well economics limits [WECON]
Well PROD
Minimum oil rate 10 STB/D
Minimum gas rate 100 MSCF/D
Workover procedure : | None
End run YES

Source well (Dump flood/case) \

LGR well specification (DUMP) PWELSPECL]

Well N F DUMP
Group e R

LGR v DUMP_LGR
| location : 7 1

J location - £ 1

Preferred phase s = | Gas

Inflow equation ; 7 STD
Automatic shut-in instruction © Shut,

Cross flow = Yes-
Density caleulation SEG -

Type of well model

STD

Amalgamated LGRawell comp data (DUMP) [COMPDATL]

Well DUMP

K upper 1

Kelower 3
Open/Shut'flag Open

Well bore ID 0.2916667 ft
Direction Z
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Amalgamated LGR well comp data (DUMP) [COMPDATL]

Well DUMP

K upper 7

K lower 11
Open/Shut flag Open

Well bore ID 0.2916667 ft
Direction Z

Production well control (DUMP) [WCONPROD]

VFP pressure tabie |

Well DUMP
Open/Shut flag STOP
Control . 4 o
Gas rate -
THP target | 0
] 2,3,4,5,6,7,8and 9

Injection well (Injectioh case) |
e T
Well specification (1aj1) [WELSPECS]

Well 7, DUMP
Group NIRRT '™y -

LGR s -~ |DUMP _LGR
I location Ry 1

J location - el
Preferred phase Gas. -/
Inflow equation STD./
Automatic shut-in instruction Shut
Cross flow Yes
Density calculation SEG
Type of well model STD

Amalgamated LGR well comp data (DUMP) [COMPDATL]

Well DUMP

K upper 1

K lower B

Open/Shut flag Open

Well bore ID 0.2916667 ft
Direction Z
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Injection well control (Inj1) [WCONINJE]

Well Injl

Injector type Gas

Open/Shut flag Open

Control mode Rate

Gas surface rate 4000, 6000, 8,000 MSCF/D

Nature of injection gas (Inj1) [WINJGAS]

Well . /4. [Duwp
Injection fluid - "*—-Q-&MW STREAM
Well stream — p—

Injection gas ca

= REL
)//' fﬂ \“
Well stream F L0 NN
Compl I/f ""\ \\x

f '

ﬂ‘UEJ’J‘VIEJVI’ﬁWEJ’]ﬂ‘i
QW%Nﬂ‘iELI UA1AINYA Y



APPENDIX B

B-1) Vertical Flow Performance (VFP)
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The vertical flow performance curves are generated by production and system

performance analysis software (PROSPER) in order to put the proper pressure

traverse calculations in the simulation cases.

VEP NO.1
Well : PROD ’
Fluid : Concentration of each composition‘is shown in Table 4.2

\

//
7

/ ¥
4400 : //d/( - 4 W : | Variables
: V. ; i Node P )
3 L . 2:Gas Oil Ratio
— 1 . i

FPressure (psig)

1
i
|

0 i ; ;

0 5000 10000 18000 20000
I Gas Rate (Mscfiday) I
B Methol Bhe R Siate Wistes Gas Ratio Jl l_‘l:-’rE.-'MMs:.Q
Fluifl CEgdEnsaie Egttom Messured Depth 10070 [feet)
Flaw Type Thding ‘Bottam TrueVedical Depth 1000al]==t)
WE” TH?E RCELEy Surface Equipment Comelation Fancher Brown
Artificial Lift : 4 = i e
, Wertical Lift Comrelation Dunz and ifizd
Lift Type
Predicting Pressurs anly First Node 1 Xmas Tree 0 (jeet)
Temperature Model Last Nede 4 Tubing 8100.0 (jeet)
Company
Field
Location




VEP NO.2

P ressurs seaig)

Well : DUMP
Fluid : C1:CO, = 80:20%
Depth difference : 1,000 ft

| VLP (TUBING) CURVES (PROD 03/10/11 17:01:24)
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4000 Variables
1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)

1 2
0=800.00 0=250.00
1=1000.00 1=500.00
2=1500.00 2=1000.00

2337 _ ———————— i ———— i smammmmeeSS R ] 3=2000.00 2=2500.00

4=2800.00 4=5000.00
§=32000.00 5=7500.00
2000) o i .
000§ Lo r___y P
a .
0 5000 10006 ——
# ]
g TN
| . o= Ree (fiasy) 1 *
FVT Method Eq.'pﬁfﬂ I i BIMMsch)
Fluid Cond8nss 1 = SSULE
Flow Type Tubi ,g | IF‘ Hoitto
Well Type ProdOesftl |
Artificial Lift l - ]
Lift Type
Predicting Prassurs, First Node 1 Xmas Tres {|est)
Temperature Model . Last Node 4 Tubing 7100.0 {jest)
Company
Field L = L7
nid o HE- 1NN T, Ta JI1N:

-
d ] J
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VEP NO.3
Well : DUMP
Fluid : C1:CO, = 60:40%
Depth difference : 1,000 ft

| VLP (TUBING) CURVES (PROD 03/10/11 17:34:20) x:
¥
[] <400 Variables
1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)
58 il 2
0=800.00 0=250.00
1=1000.00 1=500.00
: 2=1500.00 2=1000.00
2300 .. e T, e 2=2000.00 2=2500.00
4=3500.00 4=5000.00
5=3000.00 | 5=7500.00
E
n
q 2200 Lol
E
@
z
o
100 b
el 0 4
a 5000 10004 — i 20000
_ eI L R
I - Gas Rate (E aﬂ‘] g’ Tof Tl
FVT Method Eq.'pﬁfﬂ I <ol B TEMMsch)
Fluid Cond8nsE 1| Bolom iveasuies Deplin- I e
Flow Type Tubi ,, f | RS i
Well Type ProdOesftl |
Artificial Lift -
Lift Type l i
Predicting Prassurs, First Node 1 Xmas Tres {|est)
Temperature Model . Last Node 4 Tubing 7100.0 {jest)
Company
Field L = L7
P 0101/ an Ta JI1N:
- "

-
r TR
d d ] d

AMIANTN NN INYAE




VEP NO.4

P ressurs seaig)

Well : DUMP
Fluid : C1:CO; = 40:60%
Depth difference : 1,000 ft

| VLP (TUBING) CURVES (PROD 03/11/11 13:23:40)
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x
¥
4800 Variables
1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)
58 il 2
0=800.00 0=250.00
1=1000.00 1=500.00
: 2=1500.00 2=1000.00
2600 L I e — . e 3=2000.00 2=2500.00
4=2800.00 4=5000.00
§=32000.00 5=7500.00
2400) L i ..
B U S
a .
a 5000 10004 — i 20000
¢ - i
e LA = i
| . Gl (i ¢ 7 S
FVT Method Eq.'pﬁfﬂ I <ol BIMMsch)
Fluid Cond8nss 1 B =
Flow Type Tubi ,g | IF‘ 2 otto
Well Type ProdOesftl |
Artificial Lift -
Lift Type l i
Predicting Prassurs, First Node 1 Xmas Tres {|est)
Temperature Model . Last Node 4 Tubing 7100.0 {jest)
Company
Field L = L7
nid o HE- 1NN T, Ta JI1N:

-
r TR
d d ] d

AMIAINTAUNIINE



VEP NO.5

Pressure (psig)

Well : DUMP
Fluid : C1:CO, = 20:80%
Depth difference : 1,000 ft

I VLP (TUBING) CURVES (PROD 03/10/11 20:40:37)

Variables

1:First Mode Pressure [psig)
2:Gas Dil Ratic (MscfSTE)

1

0=500.00
1=1000.00
2=1500.00
2=2000.00

4800) e O rr-rr N “. _______ =2000.
H 4=2800.00

200

1500) .

=]

_________________________

5=3000.00

3—"‘30 oo
4=5000.00
5=7500.00

o 5000

‘_.n-j-“:"d" -4—;

; Gas Rate oﬁ&é‘y] \f o
FYT Method Eq. B:}tu ] -
Fluid Cand L G =
Flow Type Tubi ? !F Botto
Well Type Frod
Artificial Lift l - e ond R odi
Lift Type I . J
Predicting Pressure &0 First Node 1 Xmas Tr I {j
Tempersture Model . Last Mode 4 Tubing 7100.0 |
Company
Field L = L7
Locgeg ) ol A

-
i f

et)
eet)

AMIAINTAUNIINE
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VEP NO.6
Well : DUMP
Fluid : C1:CO, = 80:20%
Depth difference : 2,000 ft

| VLP (TUBING) CURVES (PROD 03/10/11 17:06:58)

98

Variables

58

______________________

P ressurs seaig)
=]
3

1000

............................

1:First Mode Pressure (psig)

1

2:Gas Qil Ratio (MscfiSTE)

0=500.00
1=1000.00
2=1500.00
2=2000.00

3000] oo - vv-rr- — . .‘ .......
H 4=2800.00

£=3000.00

0=250.00

4=5000.00
E=7500.00

100
A Y

. o= Rae (Riiasy) "
PVT Method Eq.'pﬁfﬂ nill

Il
Fluid Cond8nss

Flow Type Tubi ,, f |F =p ’
Well Type ProdOesftl |

Artificial Lift
Lift Type
Predicting Prassurs,

Temperature Model .
Company ‘
Field ="
P 0101/ an
— -

_

First Mode 1 Xmas Trez
Last Node 4 Tubing 8100.0

v

*Ia fF1.*

-
r TR
d ] d

AMIAINTAUNIINE

T|==t)
f|==t)




VEP NO.7

Fressure (psigl

'
X111 B eyeyepepeyeyes Sppe——— P e
i

2200

1100

Well : DUMP
Fluid : C1:CO, = 60:40%
Depth difference : 2,000 ft

| VLP (TUBING) CURVES (PROD 03/10/11 19:05:31)

X1507TE

Y3448 5

________________________

.........................

Warisbles

1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)

il 2
0=500.00 0=250.00
1=1000.00 1=500.00
2=1500.00 2=1000.00
2=2000.00 2=2500.00
4=28500.00 4=5000.00
£=2000.00 E=7500.00

FVT Method Eq.'q}h

Fluid Condense 1 = =
Flow Type Tubi ,: f‘lr m—
Well Type Prodless 2 |
Artificial Lift -
Lift Type l
Fredicting Frassurs,

Temperature Model .
Company ‘
Field ="
R 0101/ arn
s -

Br3
Dns and 5

1)
First Mode 1 Xmas T lJ
Last Mode 4 Tubing 8100.0

v

*Id LIA 1 e

-
r TR
d ] d

AMIAINTAUNIINE

dified
fleet)
fleet)

E)
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VEP NO.8

Fressure (psigl

Well : DUMP
Fluid : C1:CO; = 40:60%
Depth difference : 2,000 ft

VLP (TUBING) CURVES (PROD 03/10/11 20:00:25)

X:15225
Y4028

100

Warisbles

1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)

________________________

.........................

il 2
0=500.00 0=250.00
1=1000.00 1=500.00

2=1500.00 2=1000.00
2=2000.00 2=2500.00
4=28500.00 4=5000.00
5=2000.00 5=7500.00

[ i
FYT Method Eq.'qhn

Fluid Confeq= ' - -
Flow Type Tubi ,:l. IF' 2 otto
Well Type Prodless 2 |

Artificial Lift -
Lift Type l
Fredicting Frassurs,

Temperature Model .
Company

Field ‘ ="

DOns and

v

o™t @ AN Ts N-AK:Ta DAl
d - -

First Node 1 Xmas Tr lJ fest)
Last Mode 4 Tubing 8100.0 {jeet)
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VEP NO.9

P ressurs seaig)

4500

2000

1500

Well : DUMP
Fluid : C1:CO, = 20:80%
Depth difference : 2,000 ft

| VLP (TUBING) CURVES (PROD 03/10/11 20:36:43)

101

________________________

x
¥

Variables
1:First Mode Pressure (psig)
2:Gas Qil Ratio (MscfiSTE)

1 2
0=800.00 0=250.00
1=1000.00 1=500.00
2=1500.00 2=1000.00
3=2000.00 2=2500.00

------------ 4=2800.00 4=5000.00
§=32000.00 5=7500.00

0 5000 1000€- — T
_ eI L R
. Gl (i ¢ 7 S

FVT Method Eq.'pﬁfﬂ I <ol

Fluid Cond8nss

Flow Type Tubi ,, f |F =p
Well Type ProdOesftl |

Artificial Lift

Lift Type

Predicting Prassurs,
Temperature Model .
Company ‘
Field ="

Loggtp | +ANFaN:i

- "

_

First Mode 1 Xmas Trez

v

*Ia fF1.*

-
r TR
d ] d

{fest
Last Node 4 Tubing 8100.0 (feet)
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CHAPTER I


INTRODUCTION


Gas-condensate reservoir is considered the most complex reservoir among other types of petroleum reservoirs. A gas-condensate is a single-phase fluid in the form of gas at initial reservoir conditions. As the reservoir pressure decreases and passes through the dewpoint, liquid forms. The amount of the liquid increases as the pressure decreases during retrograde condensation. When condensate liquid forms in a gas-condensate reservoir, some condensate liquid is immobile because capillary forces act upon the fluids and condensate saturation is less than the critical saturation. As a consequence, valuable condensate is lost in the reservoir. At a near-well region, the condensate saturation is greater than the critical saturation, so both gas and condensate flow. However, condensate saturation here is highest because lowest pressure occurs at the bottomhole. The oil relative permeability increases with saturation. The decrease in gas relative permeability near the wellbore illustrates the condensate blockage effect. Consequently, additional pressure drop due to condensate blockage can cause a loss of well productivity.

When normal depletion leaves valuable condensate fluids in the reservoir, condensate blockage can be very important for well productivity. Thus, many recovery solutions such as gas cycling, gas injection can be planed ahead to manage the gas-condensate reservoir. The main objective is to recover more condensate. Since the price of natural gas has risen to the value that makes reinjection less attractive strategy, alternatively worthless gas such as CO2 instead of natural gas may be a good candidate. 

In the Gulf of Thailand, we usually find many multi-stacked gas or gas-condensate reservoirs. Some gas reservoirs contain high CO2 %mole while the others do not. In many cases, we do not produce the reservoir containing high CO2 %mole because of economic reason. However, the internal gas dump flood is a potential solution to exploit the high CO2 %mole reservoir to flood into a gas-condensate reservoir for enhanced condensate recovery.

1.1 Outline of Methodology


This research is to study the mechanism of gas dump flood in gas-condensate reservoir associated with pressure maintenance and revaporization with an emphasis on flow behavior analysis and condensate recovery. Although some research and development have been performed in this area, there still exist many important issues to be resolved. Specifically, this work focuses on the following aspects:

· Producing schemes. Different timings of gas dump flood strategy may impact gas production and condensate recovery. Optimal injection will be determined for best condensate production.

· Composition variation. The objective of this part is to study how the concentration of CO2 in a source reservoir affects phase behavior of target reservoir during production. 

· Depth or pressure difference. The reservoirs in multi-stacked reservoirs are located at different depths or pressures. This difference may have an effect to flooding mechanism such as cross flow rate, higher pressure losses in the wellbore.

In the gas dump flood scenarios, we also study effect of composition variation on vertical flow performance from source reservoir to target reservoir which has a different pressure loss in tubing when the compositions and depths are not the same. The abandonment rates were set by condensate production rate and gas production rate.

1.2 Thesis Outline


This thesis paper proceeds as follows.

Chapter II presents a literature review on core flooding experiment to investigate fluid behavior, condensate blockage effect around the well and the associated impairment in gas productivity and condensate recovery. The chapter includes advantages and limitations of existing technique of CO2 injection into gas-condensate reservoir to enhance hydrocarbon recovery.

Chapter III describes the theory of gas-condensate reservoir such as gas-condensate phase behavior and flow regime behavior. 


Chapter IV describes the simulation model used in this study. 


Chapter V discusses the results of reservoir simulation obtained from different values of controlled variables which are time to start gas dump flood, CO2 concentration in source reservoir and difference in depths between source and target reservoirs.

Chapter VI provides conclusions and recommendations for further study.


CHAPTER II


LITERATURE REVIEW


This chapter discusses some works related to core flooding experiment which was conducted to investigate the fluid behavior, condensate blockage effect around the well and the associated impairment in gas productivity and condensate recovery. Some works are significant for generating the most realistic simulation model which will be used to determine optimal production strategy. Most of the following literatures discuss related works in CO2 flooding into gas-condensate reservoirs using a compositional reservoir simulator.

2.1 Previous works 


Al-Abri et. al. [1] presented results from experimental work on CO2-condensate and CO2-methane relative permeabilities. They used high-pressure high-temperature equipment to perform experiments in order to determine relative permeabilities at reservoir conditions. The coreflooding experiments were conducted by injecting different supercritical CO2 (SCCO2)-methane concentrations. The CO2 percentage in the methane was increased successively from 10% to 25%, 50% and 75%. In their results, the greater the percentage of SCCO2 in the injection gas mixture, the higher the ability of the gas to displace the condensate before it breaks through. The relative permeability curves improve as the CO2 concentration in the injection gas increases. Consequently, the mobility ratio decreases, giving rise to a more stable displacement front.


Shi et. al. [2] studied the behavior of condensate composition variation, condensate saturation build-up and condensate recovery during a gas-condensate production process. The authors performed core flooding experiments and compositional simulation to investigate the composition and condensate saturation variations in the reservoir. Different production strategies were compared, and the optimum production sequences were suggested for maximum gas recovery.  In their simulation results, high total gas production can be achieved temporarily by using low BHP. However, lower BHP might not be a better strategy to minimize the condensate blockage or to enhance the ultimate liquid recovery. Therefore, they concluded that there is no standard way to optimize the production strategy or the optimal approach is likely to be dependent on the original composition.

Tangkaprasert [3] studied the behavior of CO2 injection in gas-condensate reservoir using a reservoir simulator. Gas injection allows enhanced condensate recovery by reservoir pressure maintenance and liquid revaporization. In order to optimize the injection strategy, he created several scenarios to determine the most appropriate injection timing. The result is that the maximum oil recovery can be obtained by starting the injection shortly after the bottomhole pressure drops below the dewpoint pressure.


Shtepani [4] performed an experiment on CO2 core flood displacement. The objective of his experiment is to investigate several factors affecting the mechanism, stability on the breakthrough and ultimate recoveries using P-x experiment. P-x experiment was performed on four different scenarios: 20, 40, 60 and 80 %mole of CO2 mixtures. From his result, at 80% mole CO2 injection, no condensate liquid occurs. The mixture is a single phase gas only. Therefore, properties of depleted gas-condensate reservoirs and CO2 are favorable for re-pressurization and enhanced gas recovery processes.


Shi and Horne [5] conducted a study to determine appropriate production strategy to improve productivity from gas-condensate reservoirs. They performed a core flooding experiment and reservoir simulation. Their research provided the effect of bottomhole pressure, relative permeability and production. These parameters were compared and summarized to obtain the optimum strategy to maximize the gas recovery.  From experimental results, they concluded that the composition and condensate saturation change significantly as a function of interfacial tension and relative permeability. Re-pressurizing might not be a good strategy for some cases to remove the liquid accumulation in the reservoir. In their simulation results, the total gas production can be achieved by lowering the BHP.

Chang et. al. [6] presented the model of oil recovery process involving CO2 injection while taking into account the effect of CO2 solubility in water. A new empirical correlation was introduced for estimating CO2 solubility in water and NaCl brine, the water formation volume factor of CO2-saturated water, water compressibility, and water viscosity. The calculation of solubility in formation water can also be adjusted further for the effects of salinity to obtain the solubility of CO2 in brine.



The authors also investigated the effects of CO2 solubility in water using a reservoir simulator. Two water alternating gas (WAG) injection cases were designed. Case A was operated as the secondary CO2 flooding while case B was operated as the tertiary CO2 flooding. The simulation results showed that about 10% of the CO2 injected was dissolved in the water and was unavailable for mixing with oil. This might be considered “lost” to the aqueous phase.


Sengul [7] illustrated framework of CO2 sequestration and vital aspects such as site selection, reservoir characterization, modeling of storage and long term leakage monitoring techniques. He concluded that CO2 capture and storage (CCS) offers possibilities for making further use of fossil fuels more compatible with climate change and mitigation policies. Technologies required for CO2 capture and storage, monitoring, verification are widely available today.



Sengul [7] also concluded that the probability of CO2 leakage in oil and gas reservoirs is very low. However, brine formations, which generally are not well characterized and do not have caprocks or seals will require significant effort to evaluate potential risks, and these risks must be taken seriously.


Al-Hashami et. al. [8] investigated the effects of gas mixing, CO2 diffusion and CO2 solubility in formation water in the process of injecting CO2 into gas reservoir using a compositional reservoir simulator. CO2 dispersion effect in which the diffusion coefficient is high will cause an early CO2 breakthrough. However, when the diffusion coefficient at reservoir conditions is smaller than 10-6 m2/sec, the effect of diffusion can be ignored; hence, the mixing of CO2 and methane is totally convective flow.


 Regarding the effect of CO2 solubility in water, CO2 breakthrough time is delayed compared to the case without considering CO2 solubility in water. Thus, the dissolution of CO2 in formation water has some positive effect on CO2 storage which can delay CO2 breakthrough and store more CO2 in the reservoir.

CHAPTER III


THEORY AND CONCEPT


In this chapter, we explore several key concepts about the flow behavior of the gas-condensate system and define related theories involved with the mechanism of gas flooding in a gas-condensate reservoir. Previous prospective researches on these issues are reviewed.

3.1
Review of Gas-Condensate Reservoir


Reservoir fluids can be divided into five types; black oil, volatile oil, retrograde gas, wet gas and dry gas. Each type of reservoir fluids has unique characteristics which can be confirmed only by observation in the laboratory. The characteristics used to identify the type of reservoir fluid are the initial producing gas oil ratio, the gravity of the stock tank liquid, the color of the stock tank liquid, oil formation volume factor, and mole fraction of hepthane plus. 



Gas-condensate reservoir is considered the most complex reservoir among other types of petroleum reservoirs. The initial reservoir condition is a single phase gas. One unique phenomenon in near wellbore region of gas-condensate reservoir is condensate blockage. As reservoir pressure declines and passes though the dewpoint, condensate drops out of the gas. The condensate saturation is highest near the wellbore because the pressure is lowest. Condensate liquid can be produced into the wellbore. However, if the gas does not have sufficient energy to carry the liquid to surface, liquid loading in the wellbore occurs because the liquid is denser than the gas phase. If the liquid falls back down to the bottom of the wellbore, the liquid percentage will increase and may eventually restrict production.

3.1.1 Gas-Condensate Phase Behavior


Gas-condensate or retrograde gas is one of the various types of the reservoir fluid which has unique characteristics of phase diagram as illustrated in Figure 3.1. The region of retrograde condensate occurs at temperature between the critical temperature (TC) and the cricondentherm. The cricondentherm is the highest temperature on saturated envelope.
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Figure 3.1: Pressure-Volume-Temperature diagram of condensate

(after Fan et. al. [9]).



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



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

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


		Fluid type

		Heavier


hydrocarbon


content C7+

		Reservoir


fluid density


(g/cm3)

		Production


GOR


(m3/m3)

		Condensate


content


(g/m3)



		Poor

		0.5 – 2.0

		0.20 – 0.25

		18000 - 5000

		<150



		Middle

		2.0 – 4.0

		0.25 – 0.30

		5000 - 2000

		150 - 350



		Rich

		4.0 – 9.0

		0.30 – 0.45

		2000 - 1000

		250 - 600



		Near critical

		9.0 – 12.5

		0.45 – 0.50

		1000 - 700

		600 - 800






A rich gas-condensate forms a higher percentage of liquid than a lean gas-condensate. The phase diagrams of poor, middle and rich content condensate gas are shown in Figures 3.2, 3.3 and 3.4, respectively.
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Figure 3.2: Pressure-Volume-Temperature diagram of poor condensate content (after Yisheng et. al. [10]).
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Figure 3.3: Pressure-Volume-Temperature diagram of middle condensate content (after Yisheng et. al. [10]).
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Figure 3.4: Pressure-Volume-Temperature diagram of rich condensate content (after Yisheng et. al. [10]).

3.1.2 Flow Regime Behavior

Fluid flow towards the well in a gas-condensate reservoir during depletion can be divided into three main flow regions. The two regions closet to the producing well exist when the pressure is below the dewpoint pressure and the third region exists when its pressure is above the dewpoint pressure as shown in Figures 3.5 and 3.6.

· Near-wellbore (Region 1): The condensate saturation of this region is greater than the critical condensate saturation. Both gas and condensate flow simultaneously at different velocities. The oil relative permeability increases with saturation while gas relative permeability decreases, illustrating the blockage effect.

· Condensate buildup (Region 2): Region where the condensate is dropping out of the gas. The condensate saturation of this region is less than the critical saturation. Only gas phase is flowing.


· Single phase gas (Region 3): This region is away from the producing well where only gas phase is present and flowing. Gas velocity in this region is generally low because the cross sectional area is high. Composition in this region is equal to the original reservoir gas.
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Figure 3.5: Three regions of gas-condensate fluid flow behavior 


(after Roussennac et. al. [11]).
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Figure 3.6: Three regions of gas-condensate pressure profile (after Fan et. al. [9]).

3.1.3 Fluid Composition Change


In gas-condensate system, the buildup of condensate is due to the pressure drop below the dewpoint pressure. The heavier components tend to drop out first and then become the condensate liquid. The phase diagram of the reservoir fluids is shifted clockwise to a system with higher critical temperature as shown in Figure 3.7.
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Figure 3.7: Shift of phase envelope with composition change

 (after Roussennac [11]).

3.1.4 Non-Darcy Flow and Positive Coupling

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



Non-Darcy flow is typically observed in high-rate gas wells when the flow converging to the wellbore reaches flow velocities exceeding the Reynolds number for laminar or Darcy flow, and results in turbulent flow. The effect of non-Darcy flow can be treated by the Forchheimer equation with an empirical correlation. Forchheimer [12] proposed the following quadratic equation to express the relationship between pressure drop and velocity in a porous medium:
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(3.1)

where:


q
is the volumetric flow rate


k
is the rock permeability


kr
is the relative permeability


A
is the area through which flow occurs


µ
is the fluid viscosity


ρ
is the fluid density


β
is the Forchheimer parameter
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is the pressure gradient normal to the area



Another phenomenon which is known as positive coupling occurs when the flow velocity is high and the interfacial tension between the flowing phases is low. In this case, capillary forces may no longer dominate the distribution of the phases on a pore scale. Subsequently, macroscopic flow properties become dependent on the ratio of viscous to capillary forces on a pore scale, denoted by the capillary number Nc.
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where:


σ
is interfacial tension
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is porosity


3.2 CO2 Mixing in Gas-Condensate Reservoir


Re-pressurization and pressure maintenance are the most common methods to enhance gas and condensate recovery. By pressurizing the reservoir so that the reservoir pressure is above the dewpoint pressure, condensate blockage can be prevented. For gas dump flood into gas-condensate fields, high viscosity of CO2 provides a favorable mobility ratio for the displacement of methane, leading to fewer tendencies of the injected gas to finger. Revaporization will remove the condensate blockage by changing the phase behavior of the reservoir fluid. The admixture of CO2 to gas-condensate fluid will reduce the percent liquid and improve productivity and condensate recovery.

3.2.1 Flooding Patterns and Sweep Efficiency

The movement of fluids is controlled by the arrangement of injection and production wells. There are several patterns of production and injection wells for enhanced recovery project as depicted in Figure 3.8.
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Figure 3.8: Flooding pattern. (after Willhite [13]

Different flooding patterns will result in different areal sweep efficiencies. The areal sweep efficiency at breakthrough was determined by various experimental techniques. The value of such areal sweep efficiency was calculated for a mobility ratio of unity. Table 3.2 presents the percentage of areal sweep efficiency at breakthrough calculated at unity mobility ratio for different flooding patterns. There is satisfactory agreement among most investigators that the five-spot flooding pattern gives the highest sweep efficiency.

Table 3.2: Areal sweep efficiency for various flooding patterns (after Forrest[14]). 


		Flooding 

Pattern

		Mobility

Ratio

		Areal sweep efficiency

at breakthrough (%)



		Isolated two-spot

		1.0

		52.5 – 53.8



		Isolated three-spot

		1.0

		78.5



		Skewed four-spot

		1.0

		55.0



		Inverted five-spot

		1.0

		80.0



		Normal seven-spot

		1.0

		74.0-82.0



		Inverted seven-spot

		1.0

		82.2





The overall efficiency at breakthrough is defined as
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(3.3)


where 

EA 
= 
areal sweep efficiency, is the area swept in a model divided by total model reservoir area. 

Ei 
=
invasion or vertical sweep efficiency, is the hydrocarbon pore space invaded (affected, contacted) by the injection fluid divided by the hydrocarbon pore space enclosed in all layers behind the injected fluid.

Ed  
= 
displacement efficiency, is the volume of hydrocarbons displaced from individual pores or small groups of pores divided by the volume of hydrocarbon in the same pores just prior to displacement.

Dump and production well arrangement is selected by considering the highest areal sweep efficiency. Five-spot flooding pattern has been studied and reported to have the highest sweep efficiency at breakthrough. Figure 3.9 shows the schematic of five-spot flooding pattern. In five-spot flooding pattern, the injection well is located at the center of a square defined by four production wells. In this study, five-spot flooding pattern is changed to quarter five-spot because it obtains the same results as well as reduces the simulation model size. 
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Figure 3.9: Five-spot flooding pattern.

3.2.2 Miscible Fluid Displacement 

Miscibility fluid displacement is defined as a displacement process where the effectiveness of the displacement results primarily from miscibility between the displaced and displacing fluids. In this process, the displacing fluid is miscible, or will mix in all proportions with the displaced fluid. Three basic types of miscible fluid displacement are high pressure dry gas drives, enriched gas drives, and miscible slug drives. The first two employ more volatile components in the reservoir to aid in the development or creation of the miscible zone. In miscible slug injection, a slug or bank of liquefied petroleum gas (LPG) followed by scavenging gas is injected into the reservoir. This slug displaces the reservoir fluid from the swept portions of the reservoir.


CHAPTER IV


SIMULATION RESERVOIR MODEL


In order to determine optimal production and dump flooding strategy of gas dump flood to enhance condensate recovery, reservoir simulator was used as a tool to predict gas and condensate production under different strategies. As a result, the best strategy can be obtained. 

The reservoir simulator ECLIPSE 300 specializing in compositional modeling was used in this study because it provides more accurate calculation of liquid dropout in the porous media by using flash calculation. For the simulation method, the adaptive implicit (AIM) mode was selected. We can divide the reservoir simulation model in to four main sections as follows:

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


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

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

4. Wellbore section. The wellbore model was constructed and used to calculate the vertical flow performance. 

 This chapter describes in details on how properties are gathered in each section. The detail of the simulation input is shown in Appendices A and B.

4.1 Grid Section

In this study, we generated two reservoirs which are gas-condensate reservoir and source reservoir (high CO2 content). Both reservoirs were constructed using Cartesian coordinate under plane geometry and homogeneous conditions. The dimension of each reservoir is 2000 ft x 2000 ft x 100 ft. The number of grid blocks of each reservoir is 25 x 25 x 5. The top of gas-condensate reservoir is located at a depth of 6,000 ft, and top of the source reservoir was varied in order to consider the effect of depth at 7,000 and 8,000 ft. The porosity of the reservoir was assumed to be 17.0%. The horizontal permeability was set at 50 mD, and the vertical permeability was 5 mD. Figures 4.1, 4.2, and 4.3 display the model used in this study in the top view, side view and 3D view, respectively.


4.1.1 Local Grid Refinement


Local grid refinement (LGR) was used around the dump flood and production wells in order to obtain accurate calculation of liquid dropout around the wellbores. In the reservoir simulator, we need to specify LGR name, coordinate, and the number of refined cells. The details of LGR are shown in Table 4.1.

Table 4.1: Description of local grid refinement


		LGR name

		LGR coordinate

		Number of refined cells



		

		I

		J

		K

		X

		Y

		Z



		Producer

		24-25

		24-25

		1-5

		8

		8

		5



		Dump_FL

		1-2

		1-2

		1-5,7-11

		8

		8

		5
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Figure 4.1: Top view of the reservoir model.
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Figure 4.2: Side view of the reservoir model.
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Figure 4.3: 3D view of the reservoir model.

4.2 Fluid Section


The initial fluid conditions such as datum depth, pressure at datum depth, and water-oil contact depth was specified in Equilibration Data Specification (EQUIL) section which was used to generate consistent oil and gas compositions for each cell. The equation of state used in this study is Peng-Robinson. A typical composition of gas-condensate found in the Gulf of Thailand was used for the gas-condensate reservoir model while a binary-component system (C1/CO2) was used for the source reservoir model. Four different mixtures (80:20, 60:40, 40:60, and 20:80 %mole of C1:CO2) were investigated in this study. Table 4.2 illustrates the fluid composition in the gas-condensate reservoir.

Table 4.2: The initial composition of the reservoir fluid


		Component

		Mole fraction



		Carbon dioxide

		0.012302



		Methane

		0.599910



		Ethane

		0.084326



		Propane

		0.063988



		Isobutane

		0.034127



		Normal butane

		0.038989



		Isopentane

		0.014286



		Normal pentane

		0.013988



		Hexane

		0.072718



		Hepthane plus

		0.065366





The physical properties of each component and the binary interaction coefficients of this system are shown in Tables 4.3 and 4.4, respectively.

Table 4.3: Physical properties of each component

		Component

		Boiling points


(oR)

		Critical pressure (psia)

		Critical temp.


(oR)

		Critical volume


(ft3/lb-mole)

		Molecular weight

		Acentric factor



		CO2

		350.46

		1071.3

		548.46

		1.5057

		44.01

		0.225



		C1

		200.88

		667.78

		343.08

		1.5698

		16.043

		0.013



		C2

		332.28

		708.34

		549.77

		2.3707

		30.07

		0.0986



		C3

		415.98

		615.76

		665.64

		3.2037

		44.097

		0.1524



		i-C4

		470.34

		529.05

		734.58

		4.2129

		58.123

		0.1848



		n-C4

		490.86

		550.66

		765.36

		4.0847

		58.123

		0.201



		i-C5

		521.80

		491.58

		828.72

		4.9337

		72.15

		0.227



		n-C5

		556.56

		488.79

		845.28

		4.9817

		72.15

		0.251



		C6

		606.69

		436.62

		913.50

		5.6225

		86.177

		0.299



		C7+

		734.08

		403.29

		1061.3

		7.509

		115

		0.38056





Table 4.4: Binary interaction coefficient between components

		

		CO2

		C1

		C2

		C3

		i-C4

		n-C4

		i-C5

		n-C5

		C6

		C7+



		CO2

		0.000

		0.1000

		0.100

		0.100

		0.100

		0.100

		0.100

		0.100

		0.1000

		0.1000



		C1

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0279

		0.0378



		C2

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0100

		0.0100



		C3

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0100

		0.0100



		i-C4

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000



		n-C4

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000



		i-C5

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000



		n-C5

		0.100

		0.0000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000



		C6

		0.100

		0.0279

		0.010

		0.010

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000



		C7+

		0.100

		0.0378

		0.010

		0.010

		0.000

		0.000

		0.000

		0.000

		0.0000

		0.0000





In this study, the reservoir temperature was assumed to be constant at 293 oF and the initial reservoir pressure of gas-condensate reservoir was 3,000 psi. With this reservoir pressure, reservoir temperature and fluid composition, the phase behavior of gas-condensate reservoir and binary C1:CO2 system is displayed in Figure 4.4 and 4.5, respectively.
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Figure 4.4: Phase behavior of the gas-condensate reservoir fluid system.

This  phase behavior was calculated by PVTi program in ECLIPSE simulator. The dew point pressure is 2,188 psi and the maximum liquid dropout of 12% occurs when the reservoir pressure drops to 1,650 psi.
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Figure 4.5: Phase envelope of binary C1:CO2 system.



In order to have a better understanding of the effect of CO2 concentration on behavior of reservoir fluid, phase envelopes of reservoir fluid mixed with different concentrations of CO2 as shown in Table 4.5 are constructed and shown in Figure 4.6. The diagram illustrates that CO2 lowers the dewpoint pressure and cricondentherm of the mixture. This means the mixture is more likely to be single-phase gas when a large amount of CO2 is injected.


Table 4.5: Prediction of fluid composition when gas condensate mixes with different %moles of C1 and CO2
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Figure 4.6: Phase behavior of reservoir fluid mixed with different concentrations of CO2.

4.3 SCAL (Special Core Analysis) Section

Two tables of relative permeabilities (kr) and capillary pressures (pc) as functions of saturation in ECLIPSE allow us to enter gas/oil relative permeabilities and gas/water relative permeabilities into the software as depicted in Tables 4.6 and 4.7, respectively. These functions are shown in Figures 4.7 and 4.8. 

krg
is relative permeability to gas


kro
is relative permeability to oil


krw
is relative permeability to water


Sw 
is saturation of water

Sg
is saturation of gas

pc
is capillary pressure


Table 4.6: Gas and oil relative permeabilities


		Sg

		krg

		kro



		0

		0

		0.897



		0.03515

		7.63E-05

		0.705923



		0.0703

		0.00061

		0.544104



		0.10545

		0.002059

		0.409125



		0.1406

		0.00488

		0.298553



		0.17575

		0.009531

		0.209941



		0.2109

		0.01647

		0.140865



		0.24605

		0.026154

		0.0889



		0.2812

		0.03904

		0.051603



		0.31635

		0.055586

		0.026534



		0.3515

		0.07625

		0.011275



		0.38665

		0.101489

		0.003398



		0.4218

		0.13176

		0.000433



		0.45695

		0.167521

		0



		0.4921

		0.20923

		0



		0.52725

		0.257344

		0



		0.5624

		0.31232

		0



		0.59755

		0.374616

		0



		0.6327

		0.44469

		0



		0.66785

		0.522999

		0



		0.703

		0.61

		0
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Figure 4.7: Gas and oil relative permeabilities.


Table 4.7: Oil and water relative permeabilities

		Sw

		krw

		kro



		0.297

		0

		0.897



		0.319026

		1.76E-05

		0.769065



		0.341051

		0.000141

		0.653913



		0.363077

		0.000476

		0.55087



		0.385102

		0.001128

		0.459264



		0.407128

		0.002203

		0.378422



		0.429154

		0.003807

		0.307671



		0.451179

		0.006045

		0.246339



		0.473205

		0.009024

		0.193752



		0.49523

		0.012849

		0.149238



		0.517256

		0.017625

		0.112125



		0.539282

		0.023459

		0.081739



		0.561307

		0.030456

		0.057408



		0.583333

		0.038722

		0.038459



		0.605358

		0.048363

		0.024219



		0.627384

		0.059484

		0.014016



		0.649410

		0.072192

		0.007176



		0.671435

		0.086592

		0.003027



		0.693461

		0.102789

		0.000897



		0.715486

		0.12089

		0.000112



		0.737512

		0.141

		0



		1

		1

		0
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Figure 4.8: Oil and water relative permeabilities.

4.4 Wellbore Section


The production and source wells in this study have the same tubing outside diameter of 3-1/2 inches with an inside diameter of 2.992 inches. The perforation interval is from the top to the bottom of the reservoir. The schematic of wellbore configuration of production well and source well are shown in Figures 4.9 and 4.10, respectively.
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Figure 4.9: Casing and tubing flow model for the production well.
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Figure 4.10: Casing and tubing flow model for the source well.


4.4.1 Vertical Flow Performance


In this study, multiple sets of vertical flow performance(VFP) curves  were generated by production and system performance analysis software (PROSPER) for the variety of composition in the source to traget reservoirs. Each set of VFP curves is for specific CO2 concentration and depth difference between source and target reservoirs. The chosen vertical flow correlation is Fancher Brown. The bottomhole flowing pressure is calculated based on the tubing head pressure, gas rate, and gas oil ratio of the producing well and source well for their respective section. The details of vertical flow performance curves used in this study are shown in Appendix B.

CHAPTER V


SIMULATION RESULTS AND DISCUSSIONS

This chapter starts by introducing the production of gas-condensate reservoir with natural depletion. After that, gas dump flood was implemented for pressure maintenance and revaporization to prevent condensate dropout in the reservoir. After introduction of gas dump flood, simulation runs under different scenarios were performed by considering three main variables affecting condensate recovery. The results are discussed in terms of condensate recovery and the effect of each variable. We also analyze and discuss the results of gas dump flood compared with conventional CO2 injection.

A target tubing head pressure of 500 psia with vertical flow performance VFP NO.1 (see Appendix B) was used for the production well. This limit is a common tubing head pressure used in Gulf of Thailand when a booster compressor is not installed. For the source well, an appropriate vertical flow performance (see Appendix B) according to the percent mole in each composition of source reservoir and difference in depth between source and target reservoirs was used. In gas dump flood process, there is no limitation on cross flow from the source to target reservoirs. The fluid is allowed to flow naturally from the source to target reservoirs. The abandonment rates were defined by assuming a typical daily operating cost at minimum gas rate of 100 MSCF/D and minimum oil production rate of 10 STB/D.

5.1 Production with Natural Depletion


The objective of this scenario is to investigate the problem of condensate build up in gas-condensate reservoir when normal depletion leaves valuable condensate fluids in a reservoir and condensate blockage can cause a loss of well productivity.

The production well is placed at coordinate (8, 8) in LGR grid representing the producer (located at coordinate (25, 25) in the global grid) as shown in Figure 5.1. This location of production well is similar to gas dump flood case which is discussed in section 5.2 in order to compare their performance. The maximum gas production rate which is set at 10,000 MSCF/D is used as the control variable. The gas production rate is kept constant as long as the reservoir pressure can sustain such rate with a tubing head pressure limit of 500 psia and vertical flow performance VFP NO.1 (see Appendix B). 
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Figure 5.1: Location of production well in 3D reservoir model.


Gas production rate and condensate production rate from the simulation is shown in Figures 5.2 and 5.3, respectively. At early times, gas and condensate production rates are constant while the bottomhole pressure declines (see Figure 5.4). After the bottomhole pressure drops below the dewpoint pressure of 2,188 psi, the condensate production rate declines and liquid starts to condense in the pore space as shown in Figure 5.5

Figure 5.5 illustrates the detail of condensate build-up around the wellbore. The condensate saturation around the wellbore increases as the pressure becomes lower. At early times of condensate accumulation, condensate cannot flow in the reservoir. This condensate accumulation around the wellbore are called condensate blockage which causes the problem of gas flow performance. When the condensate saturation reaches 0.297, condensate starts to flow. The condensate saturation in Figures 5.5 and 5.6 decreases at late time period because condensate revaporizes as the pressure drops to low values. Figure 5.7 is used to explain in details that when the pressure drops with constant reservoir temperature (293 ˚F), liquid is transformed to vapor. Since there is now a higher amount of gas in the reservoir and gas is less viscous than condensate, a higher volume of gas flows out of the reservoir, contributing to higher flow rates of gas and condensate (since revaporized gas will condense into condensate again at standard conditions). Finally, simulation run stops because the gas or condensate production rate reaches abandonment rates. 
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Figure 5.2: Gas production rate for natural depletion.


[image: image29.png]1,400

1,200

1,000

Condensate Production Rate

Condensate revaporization near the
wellbore but not in the reservoir

Time (year)







Figure 5.3: Condensate production rate for natural depletion.
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Figure 5.4: Tubing head pressure and bottomhole pressure for producing with natural depletion.
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Figure 5.5: Block pressure and condensate saturation at grid (8, 8, 5) in LGR grid representing the producer for natural depletion.
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Figure 5.6: Block pressure and condensate saturation at grid (5, 5, 3) in LGR grid representing the producer for natural depletion.
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Figure 5.7: Phase behavior of the gas-condensate reservoir fluid system.


Figure 5.8a shows the condensate saturation at the beginning of natural depletion case. The dark blue color represents zero condensate saturation. Then, liquid dropout occurs around the wellbore after the bottomhole pressure reaches the dewpoint pressure as shown in Figure 5.8b. In Figure 5.8c, the liquid dropout propagates further, covering the entrie reservoir. Note that the liquid dropout around the wellbore is mobile at this point since its saturation is higher than the critical condensate saturation. After that, the condensate saturation in the reservoir decreases because the liquid dropout starts to revaporize.
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(a) Original saturation.
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(b) Liquid starts to drop out around the wellbore.


Figure 5.8: Condensate saturation when producing with natural depletion.
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(c) Liquid dropout occurs in the entire of the reservoir.
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(d) End of the production.


Figure 5.8: Condensate saturation when producing with natural depletion (continued).


In this scenario, we can see that production with natural depletion does not effectively recover condensate and gas from the reservoir. At early time, the bottomhole pressure declines very quickly until it reaches the BHP limit calculated by vertical flow performance. Then, gas production rate declines until it reaches the abandonment rates. As a result, only 47% of condensate and 71% of hydrocarbon gas can be recovered.

5.2 Gas Dump Flood Mechanism


In the Gulf of Thailand, many gas fields are multi-stacked reservoirs.  Some of these reservoirs have high CO2 content. In many cases, it is not economical to produce gas from these reservoirs.  One way to make use of this high-pressure gas is to perform internal dump flood in which high CO2 gas is flowed from the source reservoir to the target gas-condensate reservoir to increase the pressure of the target reservoir as well as to reduce the dewpoint of the reservoir fluid.  The main purpose is to increase condensate recovery by preventing condensate dropout in the target reservoir.

The objective of this section is to investigate the performance of gas dump flood process. In this case, gas dump flood is started when the pressure of the target reservoir is equal to the dewpoint pressure of 2,188 psia. The source reservoir containing 40% mole of C1 and 60% of CO2 is located 2,000 ft below the target reservoir. The production well is placed at coordinate (8, 8) in LGR grid representing the producer (located at coordinate (25, 25) in the global grid), and the source well is placed at coordinate (1, 1) in LGR grid representing the connection between source and target reservoirs (located at coordinate (1, 1) in the global grid) in order to simulate a quarter five-spot pattern. The gas from the source reservoir is allowed to flow to the target reservoir naturally without any control. The simulation stops if the gas or condensate production rate from the production well drops below the abandonment rates. 

Figures 5.9 and 5.10 show gas production rate and condensate production rate with and without gas dump flood, respectively. For production without the gas dump flood, we get short plateau followed by decline for gas and condensate production. For gas dump flood, initially, the same kind of plateau and decline in gas and condensate production rate is seen. After we start the gas dump flood when the reservoir pressure is equal to the dewpoint pressure, the gas and condensate production rates increase as a result of pressure maintenance as indicated by circle 1 in Figures 5.9 and 5.10. The gas rate is increased to the maximum rate of 10,000 Mscf/d and maintained constant for almost a year. For condensate rate, it initially increases to a value higher than the original condensate plateau rate because of revaporization of condensate dropout around the wellbore. After that, it stabilizes at the plateau rate for a while. Then both gas and condensate decline again. In green circle number 2, sufficient amount of flooding gas has reached the production well, making the dewpoint pressure of the new mixture lower than the bottomhole pressure. The phase diagram of the mixture is illustrated in Figure 5.11. The diagram illustrates that CO2 lowers the dewpoint pressure and cricondentherm of the mixture. This means the mixture is more likely to be single-phase gas when a flooding gas mixes with the target reservoir fluid. Then, the resistance to flow is reduced due to the reduction of condensate blockage. This results in increase in gas and condensate production rate.
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Figure 5.9: Gas production profile for production with and without gas dump flood.
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Figure 5.10: Condensate production profile for production with and without gas dump flood.


[image: image40.png]Pressure psia

1000 —

T
-200

T
-100

g
Temperature F

T
200

T
300






Figure 5.11: Changing phase behavior of the gas-condensate reservoir fluid mixed with flooding gas.

Figure 5.12 depicts the cross flow profile from the source reservoir to the target reservoir. At the initial period of gas dump flood, the highest cross flow rate occurs because of large pressure difference between the source and the target reservoirs. Then, the rate declines rapidly to a more stable rate because of pressure equilibrium between the two reservoirs. The cross flow rate increases again when the flooding gas starts to break through the producing well. 
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Figure 5.12: Cross flow rate of gas dump flood process.


Figure 5.13 shows CO2 concentration profile at the production well. At late times, flooding gas containing high CO2 concentration reduces the dewpoint pressure of the fluid in the target reservoir. Consequently, revaporization of condensate dropout around wellbore occurs.
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Figure 5.13: CO2 concentration at producing well of gas dump flood process.

Figure 5.14 illustrates the condensate saturation versus time for gas production with and without gas dump flood. When performing gas dump flood, condensate saturation around the wellbore reduces because the flooding gas supports the bottomhole pressure of the producer in the target reservoir as shown in Figure 5.15, causing condensate to revaporize. However, the condensate saturation late rises up again because the flooding gas cannot maintain the pressure of the target reservoir.


Due to the fact that pressure nears the production well has a lower value than the pressure away from the production well as depicted in Figure 5.16, the condensate saturation nears the production well (LGR 8 8 5 is located closer the producer than LGR 5 5 3) tends to have higher value as shown in Figure 5.17. However, after we start gas dump flood, the block pressure shown in Figure 5.16 is not increased immediately because of delay in pressure support from the source well to production well.
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Figure 5.14: Condensate saturation at LGR (5 5 3) of producing well with and without gas dump flood.
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Figure 5.15: Bottomhole pressure of producing well with and without gas dump flood.
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Figure 5.16: Block pressure at LGR (5 5 3) and (8 8 5).
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Figure 5.17: Condensate saturation at LGR (5 5 3) and (8 8 5).

When producing with gas dump flood, the reservoir pressure can be maintained to prevent liquid from dropping out. In addition, flooding gas can reduce the dewpoint of the reservoir fluid. Figure 5.18a shows condensate saturation in the grid blocks at the beginning of the gas dump flood. Initially, there is no liquid in each grid block. In Figure 5.18b, the liquid dropout occurs around the wellbore as the pressure in the grid blocks around the wellbore drops below the dewpoint pressure. During revaporization from gas dump flood, flooding gas starts to invade into the grid blocks and revaporizes condensate as shown in Figure 5.18c. We can see that the condensate saturation in the grid blocks closer to the producer is around 0.35, and the condensate saturation in the grid blocks closer to the injector is around zero. After continuous flooding, all liquid around the wellbore is revaporrized and condensate saturation in most grid blocks reduce to zero as shown in Figure 5.18d.
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(a) Original saturation.

Figure 5.18: Condensate saturation when producing with gas dump flood.
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(b) Liquid starts to drop out around the wellbore.
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(c) Flooding gas starts to revaporize liquid dropout around the wellbore.


Figure 5.18: Condensate saturation when producing with gas dump (continued).
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(d) End of the production.


Figure 5.18: Condensate saturation when producing with gas dump (continued).

In this scenario, the production with gas dump flood can effectively recover condensate and gas from the reservoir. The condensate dropout around the wellbore causing condensate blockage problem is reduced and prevented by mean of pressure support and reduction of dewpoint pressure of the fluid in the target reservoir.

5.3 Effect of Starting Time of Gas Dump Flood

The objective of this section is to find the optimal time to start gas dump flood. The gas-condensate reservoir is produced together with gas dump flood, started at different times. In this study, we use the following starting times for gas dump flood:

· At the beginning


· When the reservoir pressure is 300 psi higher than the dewpoint pressure

· When the reservoir pressure is equal to the dewpoint pressure (2,188 psi)

· When the reservoir pressure is 1,000 psi lower than the dewpoint pressure 


For all cases, the source reservoir containing 40% mole of C1 and 60% of CO2 is located at 1,000 ft below the target reservoir. The condensate and gas production rates, condensate saturation, total condensate and gas productions and production life are discussed.


As shown in Figure 5.19, the gas production rate in natural depletion case declines when the bottomhole pressure reaches the limit calculated from vertical flow performance. In all cases of gas dump flood, the gas production rate increases as a result of pressure maintenance. However, if gas dump flood is started when the reservoir pressure is 1,000 psi lower than the dewpoint pressure, the gas production rate cannot rebound to the maximum rate because the pressure from the source reservoir is not high enough to bring back the gas production of the target reservoir which already has low pressure.  
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Figure 5.19: Gas production rate for different starting times of gas dump flood.

Figure 5.20 illustrates condensate production rate for different starting times of gas dump flood. In natural depletion case, we get only a short plateau period as discussed in Section 5.1. In all cases of gas dump flood, condensate production rate increases promptly when gas dump flood is started. Nevertheless, since flooding gas break the production well, the condensate production rate slightly increases because around the producing well area there exist only a small amount of condensate dropout. Consequently, after breakthrough, this small amount of condensate dropout revaporizes. 


If gas dump flood is started when the reservoir pressure is 1,000 psi lower than the dewpoint pressure, the reservoir already contains a lot of condensate dropout prior to gas dump flood. After gas dump flood is started, condensate production rate increases slightly because pressure support from the source reservoir cannot sustain high level of production rate.
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Figure 5.20: Condensate production rate for different starting times of gas dump flood.

As mentioned earlier, the main objective of gas dump flood is to maintain the reservoir pressure above the dewpoint pressure in order to prevent condensate dropout but different starting times of gas dump flood obtain different condensate saturation profiles during the production life as shown in Figure 5.21. If gas dump flood is delayed, the heavy component or condensate existing around the production well cannot flow and blocks the flow of fluid to the production well for a longer period, resulting in a decrease in total condensate production.
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Figure 5.21: Condensate saturation at local grid (5, 5, 3) for different starting times of gas dump flood.

Table 5.1 shows the cumulative hydrocarbon gas production for gas dump flood being started at different times. There is a large increase in gas recovery when producing gas-condensate reservoir with gas dump flood compared with natural depletion case. If gas dump flood is started when the pressure is still higher than or equal to the dewpoint pressure, there is an increase of around 13% of gas recovery factor for all cases. However, by starting dump flood after the reservoir pressure is 1,000 psi lower than the dewpoint pressure, there is a larger increase in gas recovery. In these cases, the variation of starting time before the reservoir pressure drops the below dewpoint does not have much effect on increase in gas recovery.

Table 5.1: Cumulative hydrocarbon gas production and recovery factor for different starting times of gas dump flood
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remark:  
*   
based on OGIP of target reservoir.



**
based on OGIP of target and source reservoirs.


Table 5.2 illustrates the cumulative condensate production for gas dump flood started at different times. Condensate recovery increases by 40% approximately when gas dump flood is started at the pressure is equal to or higher than the dewpoint pressure. If gas dump flood is started later as in the case when the reservoir pressure is 1,000 psi below the dewpoint, there is less increment in cumulative condensate production.

Table 5.2: Cumulative condensate production and recovery factor for different starting times of gas dump flood
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In summary, gas dump flood started when the reservoir pressure is higher than the dewpoint pressure exhibits larger cumulative condensate production than gas dump flood started at a pressure below the dewpoint although cumulative gas production is less. Since the objective is to maximize condensate recovery, we should start gas dump flood before the pressure falls below the dewpoint. 

5.4 Effect of CO2 Concentration in Source Reservoir

As natural depletion causes condensate to drop out around the producer at early times, condensate still exists at high level in the reservoir until flooding gas arrives.  In this section, the effect of the composition of the flooding gas on condensate recovery is investigated. 

Four sets of composition are used as inputs in the source reservoir to investigate the effect of different CO2 concentrations:

· C1:CO2 = 80:20 %mole


· C1:CO2 = 60:40 %mole


· C1:CO2 = 40:60 %mole


· C1:CO2 = 20:80 %mole

In this section, gas dump flood is performed when the reservoir pressure is 300 psi higher than the dewpoint pressure. The source reservoir is located 2,000 ft below the target reservoir. The effect of different CO2 concentrations on condensate saturation in the grid blocks is shown in Figure 5.22.

Figures 5.22 and 5.23 depict condensate saturation profile at local grid (5, 5, 3) of the production well and cross flow rate for source gas containing different CO2 percent moles, respectively. When the percent mole of CO2 in the source reservoir is less, the movement of cross flow from the source reservoir to the target reservoir is faster because CO2 has molecular weight heavier than methane. Consequently, flooding gas from the case of lower percent mole of CO2 can maintain the reservoir pressure to prevent the condensate dropout in the reservoir slower than the case of higher percent mole of CO2. However, when the flooding gas break through the production well, lower the percent mole of CO2 shows the result that the condensate revaporizes slower than the case of higher the percent mole of CO2. This is simply because CO2 gas reduces the dewpoint of the resulting mixture. As the percent mole of CO2 in the source reservoir increases, the percent mole of CO2 in the produced gas increases as well as shown in Figure 5.24.
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Figure 5.22: Condensate saturation at local grid (5, 5, 3) for different CO2 %moles in the flooding gas.

[image: image57.png]MSCFD Cross Flow Rate

40,000

——C1:C02 = 80:20%
35,000 _
higher the % mole of CO,, slower the ——C1:002 = 60:40%
30,000 /mwement of flooding gasis occurred  —————— ——C1:C02 = 40:60% —

——C1:C02 = 20:80% _

25,000

20,000

15,000

10,000

5,000

Time (year)







Figure 5.23: Cross flow rate from source to target reservoirs for different CO2 %moles in the flooding gas.
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Figure 5.24: CO2 concentration of produced gas for different CO2 %moles in the flooding gas.


Table 5.3 shows the cumulative hydrocarbon gas production that higher CO2 mole fraction results in higher hydrocarbon production because higher C1 concentration causes an increased amount of hydrocarbon gas in place.

Table 5.3: Cumulative hydrocarbon gas production for different CO2 %moles in the flooding gas
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remark:  
*   
based on OGIP of target reservoir.



**
based on OGIP of target and source reservoirs with different CO2 %moles.


In terms of cumulative condensate recovery, higher CO2 mole fraction results in slightly higher condensate recovery as depicted in Table 5.4.  This is because higher CO2 concentration causes an increased amount of condensate revaporization in the reservoir.

Table 5.4: Cumulative condensate production for different CO2 %moles in the flooding gas
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5.5 Effect of Depth Difference between Source and Target Reservoirs

To study the effect of difference in depths of the source reservoir and the target reservoir, simulation runs are performed for investigation in which gas dump flood is started when the reservoir pressure equals to the dewpoint pressure at 2,188 psi with CO2 percent mole of 60% in the flooding gas. When the depth difference is higher, the difference in pressures between the two reservoirs becomes larger as well. The source and target reservoirs in the model are set to have depth difference as follows:

· 1,000 ft or 433 psi

· 2,000 ft or 866 psi

In order to account for the depth difference between source and target reservoirs as mentioned above, two sets of vertical flow performance curves are needed. In this case, VFP NO. 4  and NO. 8 (see Appendix B) are used for cases with depth difference of 1,000 and 2,000 ft, respectively. The effect of depth difference on gas production rate, condensate production rate, cross flow between the source and target reservoirs and cumulative condensate production are discussed in this section.

The gas production profile, condensate production profile, and cross flow between the source and target reservoirs for two depth differences are shown Figures 5.25, 5.26, and 5.27, respectively.  The second gas production plateau rate after gas dump flood is extended when the depth or pressure difference between the source and target reservoirs is large. This results in a faster recovery of gas and condensate.  In Figure 5.27, a higher cross flow from the source to the target reservoirs is seen when the depth difference becomes larger. 
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Figure 5.25: Gas production profile for various depth differences.

[image: image62.png].z sszEEEEE

——Depth difference = 1000 ft

——Depth difference = 2000 ft







Figure 5.26: Condensate production profile for various depth differences.
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Figure 5.27: Cross flow rate from source to target reservoirs for various depth differences.


Figures 5.28 and 5.29 display condensate saturation at local grid and CO2 concentration at the production well, respectively. The condensate dropout around the wellbore is revaporized faster when there is depth difference because flooding gas reaches the producing well faster as shown in Figure 5.28. 
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Figure 5.28: Condensate saturation profile at local grid (5, 5, 3) for various depth differences.
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Figure 5.29: CO2 concentration profile at local grid (5, 5, 3) for various depth differences.

Cumulative hydrocarbon gas and condensate production are shown in Tables 5.5 and 5.6, respectively. The results illustrate that the cumulative hydrocarbon gas and condensate production increases slightly when the depth difference between the two reservoirs changes from 1,000 ft to 2,000 ft.

Table 5.5: Cumulative hydrocarbon gas production for various depth differences 
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remark:  
*   
based on OGIP of target reservoir.



**
based on OGIP of target and source reservoirs with different depth.


Table 5.6: Cumulative condensate production for various depth differences 
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In summary, the effect of depth difference between source and target reservoirs can be summarized as follows:


a) The maximum gas and condensate production rate can be achieved easily by having higher depth difference because the potential of flooding gas in deeper depth is higher in flowing pressure from the source to the target reservoirs.

b) Even though the depth difference between the source and the target reservoirs has a slightly impact on cumulative hydrocarbon gas and condensate production but we can recover in case of high depth difference faster than in case of low depth difference due to the fact that higher difference in depth has a higher difference in pressure between the source and the target reservoirs.

5.6 Comparison between Gas Dump Flood and Conventional CO2 Injection

In this scenario, gas injection cases were simulated in order to compare its performance with gas dump flood. We also investigated the effect injection rate on condensate recovery. According to the results in Section 5.3, the highest cumulative condensate production was obtained by starting gas dump flood at the reservoir pressure equal to or higher than the dewpoint pressure. Therefore, in this scenario, conventional CO2 injection was implemented when the reservoir pressure equals to the dewpoint pressure of 2,188 psi. The injection rate was varied from 4,000 MSCF/D to 12,000 MSCF/D in a step of 2,000 MSCF/D increment. The location of injection well is the same as the source well in previous cases at coordinate (1, 1) in LGR grid (located at coordinate (1, 1) in the global grid). The maximum gas production rate which was set at 10,000 MSCF/D was used as the control variable. The gas production rate was kept constant as long as the reservoir pressure can sustain such rate with a tubing head pressure limit of 500 psia and vertical flow performance VFP NO.1 (see Appendix B) which is the same as in gas dump flood cases. Simulation runs stopped when the gas production rate reached abandonment rates of 100 MSCF/D or condensate production rate of 10 STB/D.

The gas and condensate production rates for different injection strategies are shown in Figures 5.30 and 5.31, respectively. At early time, gas and condensate production rates are constant while the bottomhole pressure declines as shown in Figures 5.32, 5.33, 5.34, 5.35 and 5.36 for the injection case of 4,000, 6,000, 8,000, 10,000, and 12,000 MSCF/D, respectively. After the bottomhole pressure drops below dewpoint pressure, gas and condensate production rates decrease and liquid starts to condense in the pore space. After that, the injection is performed when the reservoir pressure equal to dewpoint pressure.
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Figure 5.30: Gas production profile for injection cases with various injection rates.
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Figure 5.31: Condensate production profile for injection cases with various injection rates. 
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Figure 5.32: Bottomhole pressure and condensate saturation in LGR(8 8 5) for injection case of 4,000 MSCF/D.
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Figure 5.33: Bottomhole pressure and condensate saturation in LGR(8 8 5) for injection case of 6,000 MSCF/D.
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Figure 5.34: Bottomhole pressure and condensate saturation in LGR(8 8 5) for injection case of 8,000 MSCF/D.
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Figure 5.35: Bottomhole pressure and condensate saturation in LGR(8 8 5) for injection case of 10,000 MSCF/D.
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Figure 5.36: Bottomhole pressure and condensate saturation in LGR(8 8 5) for injection case of 12,000 MSCF/D.

Figures 5.32 to 5.36 also show that condensate saturation around the wellbore increases as condensate accumulates until it reaches the critical condensate saturation. Then, condensate revaporizes after the flooding gas breaks through the production well for some period of time and lowers the dewpoint pressure of the new mixture as discussed in Section 5.2. The production life is shorten when the injection rate increases because higher injection rate can maintain the reservoir pressure to achieve the maximum production rate until the simulation stop because condensate production rate reaches the abandonment rates of 10 STB/D.

Table 5.7 shows cumulative condensate production for various CO2 injection rates. By increasing the injection rate, the cumulative condensate production gradually increases. This trend continues until gas injection rate reaches 8,000 MSCF/D. After that, an increase in gas injection rate has a negative effect on cumulative condensate production because higher injection rate results in less sweep efficiency as shown in Figure 5.37, leaving condensate in the lateral area of the target reservoir. 


Table 5.7: Cumulative condensate production for various CO2 injection rates
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1. Natural depletion 454,939 47.88%
2. Injection rate 4,000 MSCF/D 783,122 82.42%
3. Injection rate 6,000 MSCF/D 807,606 85.00%
4. Injection rate 8,000 MSCF/D 846,828 89.13%
5. Injection rate 10,000 MSCF/D 842,208 88.64%
6. Injection rate 12,000 MSCF/D 833,152 87.69%
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Figure 5.37: CO2 saturation in the target reservoir.

Table 5.8 depicts cumulative hydrocarbon gas production for various CO2 injection rates. The hydrocarbon gas recovery decreases when the CO2 injection rate increases because higher injection rate results in less sweep efficiency as the same reason of less cumulative condensate recovery as mentioned above.

Table 5.8: Cumulative hydrocarbon gas production for various CO2 injection rates
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1. Natural depletion 5,522,105 71.55%*
2. Injection rate 4,000 MSCED 7,690,185 99.649%*
3. Injection rate 6,000 MSCED 7571177 98.10%*
4. Injection rate 8,000 MSCED 7391255 95.779%*
5. Injection rate 10,000 MSCF/D 7,353,996 95.28%*
6. Injection rate 12,000 MSCED 7.295,113 94.5206%







remark:  
*   
based on OGIP of target reservoir.


After discussing the effect of injection rates on conventional CO2 flooding in the gas condensate reservoir, the 8,000 MSCF/D of CO2 injection case is selected for comparison with the gas dump flood case which has 60 percent mole of CO2 and 2,000 ft in depth difference. Figures 5.38 and 5.39 display gas and condensate production rates for different recovery processes. As previously discussed, in the gas dump flood case, the cross flow rate is very high at the early time then rapidly decreases while the gas rate in the CO2 injection case is stable. Therefore, the gas and condensate production rate of CO2 injection case is less than those of the gas dump flood case at early and middle time as a consequence of difference in condensate saturation around the wellbore as shown in Figure 5.40 due to different degrees of pressure support from flooding gas.
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Figure 5.38: Gas production profile for different production strategies.
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Figure 5.39: Condensate production profile for different production strategies.


Figure 5.40 and 5.41 illustrate the condensate saturation profile at local grid and bottomhole pressure for different recovery processes. The condensate saturation profile of injection case is more stable than that of gas dump flood case because the pressure maintenance process of CO2 injection constantly sustains the bottomhole pressure along the production life. At late time of injection case or after CO2 breakthrough, the reservoir fluid is changed by flooding process. At this period, flooding gas reduces the dewpoint pressure of the fluid in the target reservoir. As a consequence, condensate around wellbore revaporizes into gas phase.
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Figure 5.40: Condensate saturation profile for different production strategies.
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Figure 5.41: Bottomhole pressure for different production strategies.

Table 5.9: Cumulative hydrocarbon gas production for different production strategies
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remark:  
*   
based on OGIP of target reservoir.



**
based on OGIP of target and source reservoirs.


Table 5.10: Cumulative condensate production for different production strategies
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Tables 5.9 and 5.10 show comparison between gas dump flood and CO2 injection cases. In term of hydrocarbon gas and condensate recovery, CO2 injection has higher cumulative hydrocarbon gas and condensate recovery and slightly longer production life time.  However, the disadvantage of CO2 injection is that we need to invest on gas injection system. 

CHAPTER VI


CONCLUSIONS AND RECOMMENDATIONS


In this chapter, general conclusions are drawn from the results of simulation runs for gas-condensate reservoir with emphasis on gas dump flood mechanism, effect of starting time of CO2 dump flood, effect of CO2 concentration in the source reservoir and effect of depth difference between source and target reservoirs. In addition, we discuss possible improvements of the current work.


6.1 Conclusions


Based on a specific set of input data, simulation results obtained from ECLIPSE 300 simulator, gas dump flood mechanism, effect of several variables on condensate recovery enhancement can be concluded as follows:


1. Gas dump flood can increase the condensate recovery by keeping the reservoir pressure high and revaporizing the liquid around the wellbore.


2. The best starting time to start CO2 dump flood is anytime before the pressure of the gas-condensate reservoir falls below the dewpoint.  Once the reservoir pressure falls below the dewpoint, the recovery of condensate becomes less effective.


3. The increase in concentration of CO2 in the source gas has a slight effect on the recovery of condensate from the target reservoir. A higher concentration of CO2 in the source gas results in a slightly higher condensate recovery.  


4. Cases with low CO2 concentration in the source gas yield higher hydrocarbon gas recovery than cases with high CO2 concentration simply because the source gas has higher CH4 concentration and it is produced together with the gas in the target reservoir.  Gas from two reservoirs is being produced from one production well while another well is needed to connect the source to the target reservoir.   Thus, a source reservoir with high CH4 concentration and low CO2 concentration may be more attractive.


5. Larger depth or pressure difference between the source and target reservoirs slightly increases the condensate recovery.  However, a larger difference in depths or pressures shortens the time required to recover gas and condensate from the target reservoir. 


6. Gas dump flood process has less both hydrocarbon gas and condensate recovery than CO2 injection. However, the disadvantage of CO2 injection is that we need to invest on gas injection system.

6.2 Recommendations


As a number of assumptions and simplifications in this study such as homogeneous reservoir properties, no dip angle and normal five-spot flooding pattern were made in the simulation setup. Other than the lifting the assumptions, improvements can be made on the following aspects to better characterize the gas dump flood in gas-condensate reservoir:

First, changing the concentration of compositions in gas-condensate reservoir can be investigated by varying the heavy components.


Second, size of both gas-condensate and source reservoirs affect directly the recovery in the gas dump flood process.


Third, the location of source well and producing well may change the total results because of change in flooding pattern.


Future works should study the influence of these variables for more understanding on mechanism and performance of gas dump flood into a gas-condensate reservoir.
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APPENDICES 


APPENDIX A

A-1) 
Reservoir model


Two reservoir models (high CO2-content reservoir and gas-condensate reservoir) are generated by entering required data into ECLIPSE 300 reservoir simulator. The model used in this study composes of 25 x 25 x 11 blocks in the x-, y- and z- directions.


A-2)
Case definition


Simulator:    

Compositional


     Model dimensions:

Number of cells in the x-direction

25


     



Number of cells in the y-direction 

25




Number of cells in the z-direction 

11

     Grid type: 


Cartesian


     Geometry type:

Block centered


     Oil-Gas-Water options: 
Water, gas condensate (ISGAS)


     Number of components:
10


     Pressure saturation options (solution type): 
AIM


A-3) 
Reservoir properties


Grid


Properties: Active grid blocks:
Gas-condensate reservoir




           X, Y, Z
=
25, 25, 1-5




Source reservoir





     X, Y, Z
=
25, 25, 7-11



Inactive grid blocks:

     X, Y, Z
=
25, 25, 6


Porosity




=
0.17


Permeability 


k-x
=
50
mD









k-y
=
50
mD








k-z
=
  5
mD


X Grid block sizes (All X = 1-25)
=
80 ft



Y Grid block sizes (All Y = 1-25)
=
80 ft



Z Grid block sizes (for Z = 1-5 and 7-11)
=
20 ft



Z Grid block sizes (for Z = 6)
=
1,000 ft or 





=
2,000 ft



Depth of top face (Top layer)
=
6,000 ft


Cartesian local grid refinement


		LGR name

		LGR coordinate

		Number of refined cells



		

		I

		J

		K

		X

		Y

		Z



		Producer

		24-25

		24-25

		1-5

		8

		8

		5



		Source well

		1-2

		1-2

		1-5,7-11

		8

		8

		5





 PVT table


		Fluid densities at surface conditions

		Oil density

		40

		lb/ft3



		

		Water density

		63

		lb/ft3



		

		Gas density

		0.001

		lb/ft3



		Rock properties

		Reference pressure

		3000

		psia



		

		Rock compressibility

		4.0E-6

		/psi





A-4)   Miscellaneous


		Number of components

		Number of components

		10

		



		Standard condition

		Standard temperature

		60

		˚F



		

		Standard pressure 

		14.7

		psia



		Component names

		Component 1

		CO2

		



		

		Component 2

		C1

		



		

		Component 3

		C2

		



		

		Component 4

		C3

		



		

		Component 5

		i-C4

		



		

		Component 6

		n-C4

		



		

		Component 7

		i-C5

		



		

		Component 8

		n-C5

		



		

		Component 9

		C6

		



		

		Component 10

		C7+

		



		PROPS reporting options

		Oil PVT tables

		No output

		



		

		Gas PVT tables

		No output

		



		

		Water PVT tables

		No output

		





EoS Res tables


		Pure component boiling points (Reservoir EoS)

		Component CO2

		350.46

		˚R



		

		Component C1

		200.88

		˚R



		

		Component C2

		332.28

		˚R



		

		Component C3

		415.98

		˚R



		

		Component IC4

		470.34

		˚R



		

		Component NC4

		490.86

		˚R



		

		Component IC5

		541.80

		˚R



		

		Component NC5

		556.56

		˚R



		

		Component C6

		606.69

		˚R



		

		Component C7+

		734.08

		˚R



		Critical temperature (Reservoir EoS)

		Component CO2

		548.46

		˚R



		

		Component C1

		343.08

		˚R



		

		Component C2

		549.77

		˚R



		

		Component C3

		665.64

		˚R



		

		Component IC4

		734.58

		˚R



		

		Component NC4

		765.36

		˚R



		

		Component IC5

		828.72

		˚R



		

		Component NC5

		845.28

		˚R



		

		Component C6

		913.50

		˚R



		

		Component C7+

		1061.3

		˚R



		Constant reservoir temperature

		Initial reservoir 


temperature

		293

		˚F



		Critical volume 


(Reservoir EoS)

		Component CO2

		1.5057

		ft3/lb-mole



		

		Component C1

		1.5698

		ft3/lb-mole



		

		Component C2

		2.3707

		ft3/lb-mole



		

		Component C3

		3.2037

		ft3/lb-mole



		

		Component IC4

		4.2129

		ft3/lb-mole



		

		Component NC4

		4.0847

		ft3/lb-mole



		

		Component IC5

		4.9337

		ft3/lb-mole



		

		Component NC5

		4.9817

		ft3/lb-mole



		

		Component C6

		5.6225

		ft3/lb-mole



		

		Component C7+

		7.509

		ft3/lb-mole



		Overall composition


for region 1

		Component CO2

		1.2302

		%



		

		Component C1

		59.991

		%



		

		Component C2

		8.4326

		%



		

		Component C3

		6.3988

		%



		

		Component IC4

		3.4127

		%



		

		Component NC4

		3.8989

		%



		

		Component IC5

		1.4286

		%



		

		Component NC5

		1.3988

		%



		

		Component C6

		7.2718

		%



		

		Component C7+

		6.5366

		%



		



		Critical pressure 


(Reservoir EoS)

		Component CO2

		1071.3

		psia



		

		Component C1

		667.78

		psia



		

		Component C2

		708.34

		psia



		

		Component C3

		615.76

		psia



		

		Component IC4

		529.05

		psia



		

		Component NC4

		550.66

		psia



		

		Component IC5

		491.58

		psia



		

		Component NC5

		488.79

		psia



		

		Component C6

		436.62

		psia



		

		Component C7+

		403.29

		psia



		Equation of state 


(Reservoir EoS)

		Equation of State 


Method

		PR (Peng-Robinson)



		Molecular weights 


(Reservoir EoS)

		Component CO2

		44.01

		



		

		Component C1

		16.043

		



		

		Component C2

		30.07

		



		

		Component C3

		44.097

		



		

		Component IC4

		58.124

		



		

		Component NC4

		58.124

		



		

		Component IC5

		72.151

		



		

		Component NC5

		72.151

		



		

		Component C6

		84

		



		

		Component C7+

		115

		



		Acentric factor 


(Reservoir EoS)

		Component CO2

		0.225

		



		

		Component C1

		0.013

		



		

		Component C2

		0.0986

		



		

		Component C3

		0.1524

		



		

		Component IC4

		0.1848

		



		

		Component NC4

		0.201

		



		

		Component IC5

		0.227

		



		

		Component NC5

		0.251

		



		

		Component C6

		0.299

		



		

		Component C7+

		0.38056

		





A-5)   SCAL


Gas/Oil relative permeabilities


where:


krg
is relative permeability to gas


kro
is relative permeability to oil


krw
is relative permeability to water


Sw 
is saturation of water


Sg
is saturation of gas


pc
is capillary pressure


		Sg

		krg

		kro



		0

		0

		0.897



		0.03515

		7.63E-05

		0.705923



		0.0703

		0.00061

		0.544104



		0.10545

		0.002059

		0.409125



		0.1406

		0.00488

		0.298553



		0.17575

		0.009531

		0.209941



		0.2109

		0.01647

		0.140865



		0.24605

		0.026154

		0.0889



		0.2812

		0.03904

		0.051603



		0.31635

		0.055586

		0.026534



		0.3515

		0.07625

		0.011275



		0.38665

		0.101489

		0.003398



		0.4218

		0.13176

		0.000433



		0.45695

		0.167521

		0



		0.4921

		0.20923

		0



		0.52725

		0.257344

		0



		0.5624

		0.31232

		0



		0.59755

		0.374616

		0



		0.6327

		0.44469

		0



		0.66785

		0.522999

		0



		0.703

		0.61

		0





Oil/Water relative permeabilities


		Sw

		krw

		kro



		0.297

		0

		0.897



		0.319026

		1.76E-05

		0.769065



		0.341051

		0.000141

		0.653913



		0.363077

		0.000476

		0.55087



		0.385102

		0.001128

		0.459264



		0.407128

		0.002203

		0.378422



		0.429154

		0.003807

		0.307671



		0.451179

		0.006045

		0.246339



		0.473205

		0.009024

		0.193752



		0.49523

		0.012849

		0.149238



		0.517256

		0.017625

		0.112125



		0.539282

		0.023459

		0.081739



		0.561307

		0.030456

		0.057408



		0.583333

		0.038722

		0.038459



		0.605358

		0.048363

		0.024219



		0.627384

		0.059484

		0.014016



		0.649410

		0.072192

		0.007176



		0.671435

		0.086592

		0.003027



		0.693461

		0.102789

		0.000897



		0.715486

		0.12089

		0.000112



		0.737512

		0.141

		0



		1

		1

		0





A-6) Initialization equilibration

		Equilibration Region

		Keywords

		EQUIL(Equilibrium Data Specification)



		EquilReg 1

		Equilibrium Data Specification

		Datum Depth

		6,000               ft



		

		

		Pressure at Datum Depth

		3,000           psia



		

		

		Oil-Water Contact

		9,000               ft



		EquilReg 2

		Equilibrium Data Specification

		Datum Depth

		7,000 or 8,000 ft



		

		

		Pressure at Datum Depth

		3,433       psia or 3,866       psia



		

		

		Oil-Water Contact

		9,000               ft





Region/Array



Initial water saturation (SWAT)
:
0.297


Initial gas saturation (SGAS)

:
0.703


Initial pressure



:
3,000
psia



Dewpoint pressure 


: 
2,188   psia

A-7) Region

		Keywords

		Region

		Cell



		

		

		X

		Y

		Z



		Equilibration region numbers

		1

		1 - 25

		1 - 25

		1 - 5



		

		2

		1 - 25

		1 - 25

		7 - 11



		EOS region numbers

		1

		1 - 25

		1 - 25

		1 - 5



		

		2

		1 - 25

		1 - 25

		7 - 11



		FIP region numbers

		1

		1 - 25

		1 - 25

		1 - 5



		

		2

		1 - 25

		1 - 25

		7 - 11





A-8) Schedule


Production well


LGR Well Specification (PROD) [WELSPECL]


		Well 


		PROD



		Group


		-



		LGR

		PROD_LGR



		I location

		8



		J location

		8



		Datum depth

		6,000 ft



		Preferred phase

		Gas



		Inflow equation 



		STD



		Automatic shut-In instruction



		Shut



		Cross flow 



		Yes



		Density calculation

		SEG



		Type of well model

		STD





Amalgamated LGR Well Comp Data (PROD) [COMPDATL]


		Well

		PROD



		LGR

		PROD_LGR



		K upper

		1



		K lower

		5



		Open/Shut flag

		Open



		Well bore ID

		0.2916667  ft.



		Direction

		Z






Production well control (PROD) [WCONPROD]


		Well 

		PROD



		Open/Shut flag

		Open



		Control

		GRAT



		Gas rate

		10000 MSCF/D



		THP target

		500 psia



		VFP pressure table

		1





Production well economics limits [WECON]


		Well 

		PROD



		Minimum oil rate

		10
STB/D



		Minimum gas rate

		100
MSCF/D



		Workover procedure

		None



		End run

		YES





Source well (Dump flood case)


LGR well specification (DUMP) [WELSPECL]

		Well 

		DUMP



		Group

		-



		LGR

		DUMP_LGR



		I location

		1



		J location

		1



		Preferred phase

		Gas



		Inflow equation

		STD



		Automatic shut-in instruction

		Shut



		Cross flow

		Yes



		Density calculation

		SEG



		Type of well model

		STD






Amalgamated LGR well comp data (DUMP) [COMPDATL]

		Well 

		DUMP



		K upper

		1



		K lower

		5



		Open/Shut flag

		Open



		Well bore ID

		0.2916667 ft



		Direction

		Z





Amalgamated LGR well comp data (DUMP) [COMPDATL]


		Well 

		DUMP



		K upper

		7



		K lower

		11



		Open/Shut flag

		Open



		Well bore ID

		0.2916667 ft



		Direction

		Z





Production well control (DUMP) [WCONPROD]


		Well 

		DUMP



		Open/Shut flag

		STOP



		Control

		-



		Gas rate

		-



		THP target

		0



		VFP pressure table

		2, 3, 4, 5, 6, 7, 8 and 9





Injection well (Injection case)  



Well specification (Inj1) [WELSPECS]


		Well 

		DUMP



		Group

		-



		LGR

		DUMP_LGR



		I location

		1



		J location

		1



		Preferred phase

		Gas



		Inflow equation

		STD



		Automatic shut-in instruction

		Shut



		Cross flow

		Yes



		Density calculation

		SEG



		Type of well model

		STD






Amalgamated LGR well comp data (DUMP) [COMPDATL]


		Well 

		DUMP



		K upper

		1



		K lower

		5



		Open/Shut flag

		Open



		Well bore ID

		0.2916667 ft



		Direction

		Z





Injection well control (Inj1) [WCONINJE]


		Well

		Inj1



		Injector type

		Gas



		Open/Shut flag

		Open



		Control mode

		Rate



		Gas surface rate

		4000, 6000, 8,000  MSCF/D






Nature of injection gas (Inj1) [WINJGAS]


		Well

		DUMP



		Injection fluid


		STREAM



		Well stream

		1






Injection gas composition [WELLSTRE]


		Well stream

		1



		Comp1

		1





APPENDIX B


B-1) Vertical Flow Performance (VFP)

The vertical flow performance curves are generated by production and system performance analysis software (PROSPER) in order to put the proper pressure traverse calculations in the simulation cases.

VFP NO.1

Well  
: PROD

Fluid 
: Concentration of each composition is shown in Table 4.2
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VFP NO.2


Well  
: DUMP


Fluid 
: C1:CO2 = 80:20%

Depth difference 
: 1,000 ft
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VFP NO.3

Well  
: DUMP


Fluid 
: C1:CO2 = 60:40%


Depth difference 
: 1,000 ft
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VFP NO.4

Well  
: DUMP


Fluid 
: C1:CO2 = 40:60%


Depth difference 
: 1,000 ft
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VFP NO.5

Well  
: DUMP


Fluid 
: C1:CO2 = 20:80%


Depth difference 
: 1,000 ft
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VFP NO.6


Well  
: DUMP


Fluid 
: C1:CO2 = 80:20%


Depth difference 
: 2,000 ft


[image: image89.png]VLP (TUBING) CURVES (PROD 03/10/11 17:06:58)

s000]

WETEES

[FFese Frasmee (o)
JoGa ol Ratio (uscvsTE)

5=2000.00

g e

7000 7000

BT

Gas Rate (Hscion

PUT Hethos £q.of State
Fluid Condensate
Flow Type Tusing
Well Type Producer
Anificial Lt
LifType

Precicting Pressure only
Tempersture Model

Company
Fiela
Location

Viater Ges Ratio
Bottom Msasured Deptn
Bottom Trus Verical Depth

Sistace Equipment Conslation Fansher Brown
‘Vertical LiftConslation Duns and Ros Modfied

o (premisen
81000 (fet)
81000 (let)

FistNode 1 xmas Tres 0 (fest)
Lest Node ¢ Tusing 8100.0 (feet)







VFP NO.7


Well  
: DUMP


Fluid 
: C1:CO2 = 60:40%


Depth difference 
: 2,000 ft
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VFP NO.8


Well  
: DUMP


Fluid 
: C1:CO2 = 40:60%


Depth difference 
: 2,000 ft
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VFP NO.9


Well  
: DUMP


Fluid 
: C1:CO2 = 20:80%


Depth difference 
: 2,000 ft
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Perforation at depth 6,000 ft 



to 6,100 ft







Perforation at depth 



7,000 to 7,100 ft  or



8,000 to 8,100 ft







7 inch Casing Shoe



at 6,500 ft







9-5/8 inch Casing Shoe



at 2,000 ft







Perforation at depth 6,000 ft 



to 6,100 ft.







9-5/8 inch Casing Shoe
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7 inch Casing Shoe



at 4,000 ft







3-1/2 inch Tubing















2



_1356690636.unknown



_1356690638.unknown



_1356690641.unknown



_1356690637.unknown



_1356690635.unknown





