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0Oz

Bu calismada, bir tight gaz kondensat rezervuari i¢in dik ve yatay lretim kuyularinin bulundugu
senaryolarla kuru gaz enjeksiyonunun etkilerinin karsilastirilmasi bir rezervuar simiilasyon
calismasi ile gerceklestirilmistir. Bu ¢alismanin yiiriitiilmesi i¢in bir rezervuar kesiti tanimlanmistir.
Secilen rezervuar alani 420x420 m genisliginde ve 50 m kalinhfindadir. Rezervuar kaya
ozelliklerinin tamami ve rezervuar akiskan bilesimleri ile birlikte akigskan spesifikasyonlari
literatlirde mevcut olan veriler dikkate alinarak belirlenmistir. Bu ¢alismanin gergeklestirilmesi i¢in
profesyonel bir rezervuar simiilasyon bilgisayar programi kullanilmistir. Kuyularin yoriingeleri 6zel
bir sondaj ve tamamlama c¢alismasi neticesinde belirlenmistir. Calisma, gaz kondensat
rezervuarlarinda petrol sivilasmasini engellemede kuru gazin etkili bir bicimde yatay kuyularin
drenaj bolgelerine ulasmasindan 6tiirii yatay kuyularin dik kuyularla karsilastirildiginda daha etkin
oldugunu kanitlamistir. Literatiir, yatay kuyularin gaz kondensat rezervuarlarinda sivi petrol
yogunlasmasinin gecikmesinin etkisi lizerine arastirmalar icermektedir. Bu arastirma kuru gaz
enjeksiyonu sirasinda dikey ve yatay kuyularin kuyu performansinin karsilastirilmasiyla ilgili
literatiirdeki boslugu doldurmak amaciyla gerceklestirilmistir.

Anahtar Kelimeler: rezervuar miihendisligi, sondaj miihendisligi, gaz kondensat rezervuar, yatay kuyular, rezervuar
simiilasyonu

Abstract

In this study, the comparison of dry gas injection for vertical and horizontal production well
scenarios are investigated by means of conducting a reservoir simulation study for a tight
condensate gas reservoir. In order to conduct this study a reservoir pattern has been defined. The
selected reservoir pattern is 420x420 m in areal extend and 50 m in thickness. All of the necessary
reservoir rock properties, and fluid specifications together with reservoir fluid compositions have
been determined considering the data available in the literature. A professional reservoir simulation
computer program has been utilized for the realization of this study. The well directional
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trajectories are determined through a dedicated drilling and completion study. The study proved
that horizontal wells are much effective in drainage mechanisms in comparison to vertical wells by
the fact that dry gas being able to efficiently reach to horizontal drain sections to prevent
condensation of oil in the formation for gas condensate reservoirs. The literature contains research
on influence of horizontal well on the retardation of the oil condensation inside the gas condensate
reservoirs. This research study is conducted to fill the gap in literature in relation to comparison of
the well performance of the vertical and horizontal wells during the dry gas injection.

Keywords: reservoir engineering, drilling engineering, gas condensate reservoirs, horizontal wells, reservoir simulation

1. Introduction

The objective of this study is to simulate a tight
gas reservoir with gas condensate. Condensate
is the liquid produced from retrograde gas
reservoirs [1]. It is widely known that
retrograde condensation is defined as the
formation of liquid that can be obtained by an
isothermal decrease in pressure [2], as depicted
in Figure 1.

Initially the well profiles for vertical and
horizontal wells were defined in the scope of
drilling and well completion engineering. Then
the reservoir specifications were determined,
the well profiles for vertical and horizontal
types are input into the reservoir simulation
package. In this study the reservoir simulation
computer package program CMG (GEM
Simulation) 2018.10.6863.39860 has been used

[3].

Liguid + vapor

Pressure—~

Cricandentherm
Temperature ——>
Figure 1. Pressure-Temperature diagram for a
retrograde system (inspired from [2]).

2.Literature Review

The temperature of the gas condensate
reservoirs lies between critical temperature
(Tc) and cricondentherm of the phase diagram
of the reservoir fluid [1], [4] as in Figure 1. In
the circumstance of reservoir pressure

exceeding the dew point pressure, oil phase
does not exist in the reservoir. Isothermal
depletion (line EA in Figure 1) of the reservoir
causes the reservoir pressure to fall below the
dew point [1], [4]. Condensation of the liquid
phase occurs at this stage. It can be deducted
from the phase diagram that further reservoir
pressure depletion might lead to the re-
vaporization of the condensed liquid [1], [4].
However, the phase envelope tends to move
downwards and to the right as a result of the
overall composition change during the
condensation [1], [4]. Hence, re-vaporisation is
restrained [1], [4].

Condensation of the liquid phase during the
depletion of the reservoir and re-vaporization
of this condensed liquid are the two events
unique to gas condensate reservoirs [5]. The
condensed liquid phase involves the most
valuable parts of the hydrocarbon mixture [6].
It is highly difficult to produce these valuable
components once they are precipitated in the
reservoir [6]. The methods that can be
beneficial for re-vaporization of the condensed
components are limited [7] and condensed
liquid phase is mostly immobile as the critical
saturation required for mobilization of this
liquid phase is rarely approachable [4].
Moreover, it can be highly viscous as it is
basically comprised of the heavy components.
Besides, the phenomena of liquid condensation
results in reduction in the gas relative
permeability, which adversely affect the gas
recovery [6],[7]. The adverse effect of the
condensate is excessive in tight gas reservoirs
[8] and especially nearby the production wells
where pressure depletion is the highest. The
development of condensate blockage nearby the
production wells can be considered as an
additional skin [9].

Pressure maintenance, vaporization of the
condensate components and wettability
alteration are the considered methods to
control the condensation in the reservoir
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[9],[10]. In this regard, there are various
suggested techniques such as drilling horizontal
wells, hydraulic fracturing before and after the
formation of condensate bank, acidizing after
the formation of condensate bank and dry gas
injection for reducing the condensate amount in
the reservoir [11],[12]. Gas can be recycled
from the commencing of the production process
and mostly it is more efficient than the delayed
gas recycling method [13]. It should be noted
that injection of the produced dry gas negatively
affects the gas recovery factor as the injection
process results in the loss of dry gas that would
be otherwise produced.

There are studies proving the positive effect of
horizontal wells on retardation of liquid
condensation in comparison to the vertical
wells [12],[14]. However, the distribution and
functionality of the dry gas components will be
different in these two cases. Thus, it is also
needed to evaluate and compare the
performance of vertical and horizontal wells
during the dry gas injection.

3.Well Planning

Today most of the wells are being drilled
directionally [15]. The drilling planning for this
reservoir simulation study is composed of two-
fold. The first lot of drilling engineering study
was composed of the planning of the vertical
wells for the first two scenarios. The second
part was composed of the planning of the
horizontal wells for the scenarios 3-4. The well
plan views are as depicted in Figure 2.

The vertical well is planned considering the
field practices for drilling and well completion

Table 1. Horizontal well planned trajectory.

engineering. Figure 3 depicts the scaled vertical
well sketch.

Table 1 gives the planned trajectory for an
horizontal well. The necessary inputs in order
to plan for an horizontal well, one needs to
know the setting depth of the casing, the status
of the problematic formations, and the
requirements for the wellbore stability aspects.
For instance, for the horizontal well in subject
which is Well-1Hor in Figure 2 (b); a well
trajectory that is cruising to 180°Azm.
Horizontal displacement is calculated on the
basis of segment course. For instance, if the
segment of the wellbore trajectory is vertical,
the horizontal displacement will not be any
different. For instance, it can be recognized that
for Well-1Hor the Kick of Point (KOP) is at 800
m. That means the well is started to be
directionally drilled starting from 800 m. Then
the trajectory is built with a build rate or Dog
Leg Severity (DLS) of 3°/30 m, until the wellbore
deviation angle is 35° at the End of Build (EOB).
This angle of deviation is selected because at the
respective hole size ranges, the downhole
equipment can easily achieve this aforementioned
deviation. Here at this point the segment of the
wellbore is designed to have a radius of 573 m,
which means that if the wellbore inclination was
set to reach 90° from vertical, the horizontal
displacement was going to be 573 m in
magnitude.

_ 360AL

= (1)

2m Ai

where, R is radius of curvature in m, AL is
change of course in m, and Ai is the change in
angle.

Inc. Azm AHor E Hor

Section MD, m ’ ' Disp, AZ,m AN, m AE, m Z,m N, m ! Disp,
deg deg m
m m

n 0 0 180 0 0 0 0 0 1770.199 0.5 0

KOoP 800 0 180 0 800 0 0 800 1770.199 0.5 0
EOB 1150 35 180 104 328.6351 -103.618 1.27E-14 1128.635 1666.58 0.5 104
HOLD 3442.765 35 180 1315 1878.123 -1315.08 1.61E-13 3006.758 351.5047 0.5 1419
EOB 3855.265 90 180 352 183.242 -352.005 4.31E-14 3190 -0.5 0.5 1771
EOT 4274.265 90 180 419 2.57E-14 -419 5.13E-14 3190 -419.5 0.5 2190

341



DEU FMD 23(67), 339-348, 2021

Once the trajectory is at an angle of 35°, the
trajectory is set to hold for a course of 2293 m.
This interval of hold is selected so that the
horizontal well’s trajectory is at a depth of 3006
m TVD. The selected depths are based on
drilling practices considering the behaviour of
formations.

In the successive well trajectory section, the
wellbore is set to be built again to reach to an

Reservoir Map (Vertical Wells Scenario)
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angle of 90° which is an angle that is complete
horizontal from vertical. The build rate at this
stage is selected to be 4°/30 m. The angle at the
EOB for this section is 90° Once the horizontal
angle is reached the successive step is to drill
the drain section which is set for 419 m in terms
of length. Figure 4 depicts the trajectory layout

(as unscaled) of the horizontal well
Reservoir Map (Horizontal Wells Scenario)
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Figure 2. Well plan views (a) vertical wells, and (b) horizontal wells.

4.Methodology of the Research

The methodology of the modelling work that is
studied is presented in this section. Figure 5
depicts the methodology for the reservoir
model construction. The first step is the
construction of the reservoir structure. The
selected reservoir’s areal extend is 420x420 m,
and thickness is 50 m. The selected pattern
definitions are in line with the estimates of
optimal well spacing presented by Zoback and
Kohli (2019) [16]. The size of the grids, the grid
numbers together with the layers are defined in
this step. For this specific study the determined
grid number is 27 in both x and y directions.
The corner grids which include the vertical
production wells in scenario-1 and scenario-2
are sized as 1x1 m. The more the longer the
distance from the production wells the sizes of
the grids increase. The largest grid is sized as

20x20 m. The model consists of 5 layers each
with a thickness of 10 m.

Reservoir rock and fluid structuring is the next

step in the model construction. Depths,
porosity, permeability, saturations,
compositions, pressures and temperature

magnitudes are input at this step. The reservoir
and fluid characteristics are input as per the
tabulated information presented in Table 2.
Permeability and porosity properties are
structured based on the properties of a tight gas
reservoir, presented in the study of Becker et
al, [17]. Initial reservoir gas composition is
adapted from the study of Nagarajan et. al., [18].

Component definitions are made within the
simulator for the hydrocarbon and CO2 content.
The specifications such as critical pressure (Pc),
temperature, acentric factor is determined at
this step.
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Figure 3. Vertical well sketch (scaled drawing).
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Figure 4. Horizontal well sketch (unscaled

drawing).

The successive step in the reservoir simulation
methodology is the reservoir rock type input. At

343

this step relative permeability, and capillary
pressure are specified. Figure 3, depicts oil and
gas relative permeability versus gas saturation,
inspired from [18], [19]. The relative
permeability values between the gas saturation
0.40 - 0.75 are utilized. Initial gas saturation
has a value of 0.75. Following the evolution of
the condensate within the reservoir as a result
of the reduction in reservoir pressure, the gas
saturation decreased to final magnitudes in the
neighbourhood of 0.40. Capillary pressure
between water and oil is neglected, because the
water that is in the reservoir is immobile
connate water. This phenomenon of neglecting
the capillary pressure is achieved by means of
defining a capillary pressure between water and
oil as a null value. The capillary pressure
between the gas and the oil is also neglected
because, interfacial tension in between the two
phases is at negligible magnitudes.

The well trajectories are input in to the
simulator as per the drilling study conducted.
The planned trajectories for the vertical and
horizontal wells are defined accordingly so that
the reservoir simulation study can be
conducted.

For well completion input, the sections of the
wellbores which cross the grids are taken into
consideration.

The well constraints are determined
considering practical conditions valid in oil/gas
fields. The gas production rate is taken as 3300
sm3/day for each well. Bottom hole pressure
values for producing wells are taken as 1500
kPa as a minimum. The gas injection rate is
taken as 3000 sm3/day.

Figure 7 depicts the four scenarios for the
reservoir simulation. In scenario-1 the area is
simulated with no injection and four vertical
wells at the corners of the reservoir pattern.
Scenario-2 is with injection from the centre of
the patterns, and four vertical producers at the
corners of the reservoir pattern. In order to see
the effect of gas injection into the gas
condensate production these two scenarios are
included in the simulation study.

For scenario-3 the reservoir in subject is
simulated again with no injection, but this time
with four horizontal wells surrounding the
developed pattern having their drain sections at
3190 m. The last scenario is investigated with
injection of dry gas from the centre point of the
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patterns and four horizontal producing wells
surrounding the pattern at each side. It is

Reservoir Model
Construction

Grid size definitions
Layers definition

|

|

Reservoir rock & fluid
structuring

SN
+ =, 3
Construction of the
Reservoir Structure T

important to highlight at this point is that the
injector wells are vertical.

General property specification
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Figure 5. The methodology for reservoir model construction.

Figure 6. Relative permeability versus gas
saturation chart for oil and gas simulated in the
study.

Table 2. Reservoir and Fluid Characteristics.
2 02 . Reservoir description and physical properties
__'5 35 . Reservoir top, m 3165
:E' o] * — Reservoir thickness, m 50
§ 0 . N Initial average reservoir pressure, kPa 32000
g 04 * : H . Reservoir temperature, °C 113
o . = Porosity, % 13
& 0; .t -t ., System permeability, md 0.1
onn ™ Initial water saturation, % 25
! " G-Us:-luulmn.n l?;isun . I Fluid Properties
Initial gas density, kg/m3 329.028
Initial gas viscosity, cp 0.039

Initial GOR, sm3/sm3 1794
Reserve Data

Original Qil in Place, In Oil Zone, sm3 0
Original Oil in Place, Condensate in Gas Zone, sm3 112897
Original Gas in Place, OGIP, sm3 202519000

The reservoir and fluid characteristics are as
given in Table 2. The reservoir top is at 3165 m.
The reservoir is deep enough to ensure that gas
injection can be safely realized. Originally there
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is no oil inside the reservoir, because the initial
reservoir pressure is above the dew point
pressure. The simulation calculation revealed
that about 113000sm3 of condensate oil is
dissolved within the reservoir gas solution.

The composition of the injected dry gas is as
tabulated in Table 3. The tabulated
composition for the injection dry gas is derived
from the produced gas specifications given by
the simulator. The given composition
specifications indicate that the gas injected is
dry in its nature as it can be attributed to the
high fraction of C1 component, as well as having
relatively low mole fractions for heavier
components.

Table 3. Composition of the dry gas injected.

Component Mole Fraction

Co2 0.011
C1 0.77
Cc2 0.11
c3 0.053
ca 0.02
c5 0.02
6 0.007
C7+ 0.009

Reservoir Simulation Scenarios
(420 x 420 m x 50 m thickness pattern)

‘ 4 vertical producers ’ ‘ 4v,"4‘|mzm.VM\-} [ﬁ

Figure 7. Reservoir simulation scenarios.

5. Results and Discussion

In this section, the results of the reservoir
simulation study are elaborated. Figure 8
depicts the gas production rate versus time for
all of the four scenarios studied in the scope of
the research project. For all scenarios, the gas
production rates are constant for certain
duration of time span. However, as the bottom
hole pressures for the producer wells reach to
the bottom hole pressure constraint, the gas
production rates commence to decrease, Figure
9. It is observed that for the vertical well cases
(scenario-1 and scenario-2) the gas production
rates commence to decrease drastically much
earlier than the horizontal well cases (scenario-
3 and scenario-4). This is attributed to the fact
that the horizontal wells provide much more
efficient reservoir drainage. Another important

observation is the delay of the gas production
decrease with the dry gas injection scenarios in
reference to no-injection scenarios.

5000 000 1500

Tin;e (Day)
Figure 8. Gas production rate versus time.
Scenario-4

Scenario-2 Scenario-3

Scenario-1

35000
30000
25000

= 20000

&

2

= 15000
10000

5000

0
0 5000 10000 15000 20000

Well-1_Prod-Well Bottom-hole Pressure

Time (Day)

Figure 9. Production well bottom hole pressure
versus time (Well-1).

Initially, the oil production rates are same and
constant for all scenarios as shown in Figure
10. This is because there is no liquid
condensation inside the reservoir, and gas
production rates are the same as in Figure 8.
However, as time progresses, due to the
reduction in pressure and dry gas injection
conditions, the oil production rates show
different responses. For example, the greatest
oil production rate is achieved in scenario-4 due
to the horizontal wells utilization (hence having
higher well bottom hole pressures) and dry gas
injection. It is noted that oil production rates in
scenario-2 are greater than the oil production
rates in scenario-3, although the bottom hole
pressures in scemari-3 are greater than
scenario-2. This reveals the importance of dry
gas injection as in scenario-2. The sudden
increases in scenario-3 and scenario-4 are due
to the sudden re-vaporization of the oil phase
inside the reservoir. This sudden peak in oil
production rate is not observed in the vertical
well scenarios. This fact is due to the
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composition of the fluids inside the reservoir
during the occurrence of condensation.

Scenario-1 Scenario-2 Scenario-3 Scenaric-4

Oil Prod Rate {sm3/day)

5000 10000 15000 20000

Time (Day)

Figure 10. Oil production rate versus time.

The gas oil ratio for all scenarios is as depicted
in Figure 11. In line with the comments given
above the lowest gas-oil ratio that is observed
in early times is in scenario-4. As mentioned
during the specific period up to circa 10000
days, in which the gas production rates are
same, the oil production rate is highest in
scenario-4. The sudden reductions in gas-oil
ratio for scenario-3 and scenario-4 are related
to the sudden increases in oil production of the
same scenarios. At this point it is important to
highlight that the horizontal wells contribute to
reservoir development with the advantage of
large re-vaporization of the condensed liquids
back into the light component structures.

Scenario-1 Scenario-2 Scenario-3 Scenario-4

12000

?10000 25
& \\
§ s000
>
3
G 6000
o
5 4000
=
@ 2000
8
o

0

0 5000 10000 15000 20000
Time (Day)

Figure 11. Gas oil ratio versus time.

The transformation of the heavier components
(C7+) into gas phase and the transformation of
light components into oil phase during dry gas
injection can be inferred by comparisons of the
scenarios with and without gas injection; as
depicted in oil mole fractions versus time
graphs for C7+ and C1 components, Figure 12
and Figure 13.

C1 Oil Mole Fractions (Block: 4-3-3)

—e—Scenario-1 Scenario-2 Scenario-3 Scenario-4

0il Mole Fractions, C1

\

01 / ——e

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (Day)

Figure 12. C1 oil mole fractions versus time for
Block 4-3-3.

C7+ Oil Mole Fractions (Block: 4-3-3)

—e—Scenario-1 Sceanario-2 Scenario-3 Scenario-4

07 —

6 /

0il Mole Fractions, C7+

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (Day)

Figure 13. C7+ oil mole fractions versus time
for Block 4-3-3.

Gas recovery factor versus time is depicted in
Figure 14. It is observed that when the wells to
develop the field are selected to be horizontal,
the gas recovery factors are superior to the case
of vertical development wells. In cases of dry
gas injection, the overall gas recovery is
reduced. This phenomenon is due to the fact
that the injected dry gas is decomposed in the
reservoir, assisting the re-vaporization of the
heavier components for recovery.

Scenario-1 Scenario-2 Scenario-3 Scenario-4

80 "

70
60

Gas Recovery Factor SCTR (percentage)
w
8

0 5000 10000 15000 20000
Time (Day)

Figure 14. Gas recovery factor versus time for
all scenarios.

0il recovery versus time is as shown in Figure
15. The greatest oil recovery is with the
horizontal wells which are used to develop the
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field with injection, scenario-4. Scenario-2 on
the other hand, is the second highest oil
recovery scenario. When scenario-1 and
scenario-3 are compared to one another, the
influence of higher pressures nearby the
production wells in the case of horizontal wells
results in having less condensate evolution
inside the reservoir, and that is why the oil
recovery factor for scenario-3 is more than that
of scenario-1. Although in scenario-2 the
bottom hole pressures are observed to be less
than the bottom hole pressure of scenario-3, the
recovery factor in scenario-2 is more than the
recovery factor in scenario-3, due to dry gas
influence on the component transformation.

GO0 53
OnSuraton 2010-Jam01 K Piane: 3015

- (a)

Scenario-1 Scenario-2 Scenario-3 Scenario-4

40
30

0 5000 10000 15000 20000
Time (Day)

Oil Recovery Factor SCTR (percentage)

Figure 15. Oil recovery factor versus time for
all scenarios.

GGl 53
O Saation 2010.4in01 K rane: 301§

(b) z b1 Prog. El.‘.ﬂll Pros

ooz 32
OuSswaten 2010401 K Piane: 3015

o
o Setuaton

Figure 16. Oil saturation distribution for all scenarios at time 3653 days (10 years); (a) scenario-1,

(b) scenario-2, (c) scenario-3, (d) scenario-4.

Figure 16 presents the oil saturation
distribution in layer-3 for all scenarios at time
10 years. It is important to mention that
horizontal wells are designed to be present
along layer-3. For scenario-1 and scenario-2 at
the immediate vicinity of vertical wells, the oil
saturation colouring indicates that there exists
an intense oil saturation nearby the production
wells. The condensation of the oil nearby the
vertical wellbores, results in additional
pressure loss nearby the wellbore, resulting in
production restriction. However, for scenario-3

and scenario-4 even though the oil
condensation is evident near the wellbore
vicinity, the order of magnitude for the

condensation is not as much high as it is the

case for the vertical wells’ scenarios (e.g.
scenario-1 and scenario-2). The benefit of this
phenomenon is a production that is not
restricted as compared to the latter cases. It is
also observed that in scenario-4 the injected dry
gas has much efficiently reached to the
horizontal drain sections of the wells, and
resulted in having a much lower condensed oil
situation (for scenario-4) in comparison to the
vertical wells with injection case (scenario-2).
This is a proof of the ability for horizontal wells
in having a much effective drainage mechanism.

6. Conclusions

In order to realize the reservoir simulation
study in retrograde gas reservoirs, a pattern of
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reservoir areal extend with a thickness of 50 m
has been defined. The four scenarios include
different production well profiles in common,
namely vertical and horizontal well profiles.
The horizontal well trajectory is determined
considering the drilling and completion
engineering field practices.

Dry gas injection revealed that with the
injection of light components (e.g. the major
components of dry gas) the component
transformation inside the reservoir takes place
and the liquid components are transformed into
the gas phase.

Dry gas injection has had a greater influence on
bottom hole pressures in horizontal well cases
in reference to vertical well cases. This shows
that with horizontal wells, the amount of
injected gas to reach to the production wells is
much greater.

0Oil production has benefited from the
utilization of horizontal wells by sudden
production rate jumps, which has not been
noticed in vertical well cases. This phenomenon
is attributed to a fact related to composition
mechanism taking place inside the reservoir.

Component transformation in between the
condensate and gas phase is another benefit
that has been noticed due to the dry gas
injection, which resulted to further production
of heavier (C7+ and alike) components.
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