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Gas condensate feservoirs usually exhibit eomplex flow behaviors. The gas
condensate reservoir s initiallycas at the reservoir condition. Liquid forms in the
reservoir when the bettomhele pressure drops below the dew point pressure. The
accumulated condensaie 1n the yicinity ofithe well bore causes a blockage effect,
reduces the gas effective permeabil ity and eatises reduction in well productivity and
recovery of heavy compongnts at the surface.

Hydraulic fractusing 48 afwell known arid common practice to improve the
well productivity, especially in tight gas cond:'en.sa}_e reservoirs. Horizontal well with
hydraulic fractures can @achigve significant pn’d;glucz'tivity improvements over a non-
fractured horizontal well. Many herizontal we-l'lhl:s‘ Il&_l\’_e been drilled in gas condensate
reservoirs, but a few of them waShydraulically ti%cﬁ}ifed.

The main objective of this paper is-to study-rh_.ydraulic tracturing for horizontal
wells in gas condensate reservoirs using reservoir simulation meédel to obtain better
understanding of ifs effect on gas and condensate recovery. Effect of different
hydraulic fracture d€Sign parameters on the performance of hL¥draulically fractured
horizontal well was Studied. These parameters are fracture spacing, fracture half-
length, fracture width, fractire permeability and'ndimber of fracture.

Theresults found in this| study show that fracturing the well significantly
decreases gds! production time. Hydraulic fracturing reduces the pressure drawdown,

leading to less liquid condensate dropout near the wellbore and more comdensate

produced at surface.
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CHAPTER I
INTRODUCTION

Numerous studies have. shown that gas condensate reservoirs exhibit a
complex near-wellbore behavior where" iwe" phases, reservoir gas and liquid
condensate coexist and form a bank when the«bottomhole flowing pressure drops
below the dew point pressure. Under these conditions, three regions of different liquid
saturations and mobtlities eo-exisi in the reservoir. The first zone, away from the
wellbore, is above.the dewspoint pressure, with reservoir gasonly. Next to it, a second
zone, where the reservoir pressure reaches the dew point pressure, contains two
phases, reservoir gas and liguid condensate. The liquid is immobile as its saturation is
below the critical e¢ondensate saturation, but only gas flows. The third zone is near the
wellbore where the gondensate saturation is ébove the critical condensate saturation,
and condensate and gas flow together. In zdzn_es__ 2 and 3, the existence of two phases
reduces the relative permeability to gas; ther_e:l_,)y feducing the productivity of the well.

Various solutions' have been impléfrﬁanted in order to remediate such a
production loss. Hydraulic fracturing -is a;wel'lr': known and common practice to
improve the well productivity especially=i‘n;:tiQ-ht gas condensate reservoirs. A
hydraulic fracture reduces the flow resistance around a well .bore, decreasing the
pressure drawdown hence, reducing the negative impact of the condensate banking.

This thesis studies the near-wellbore behaviors and productivities of a
hydraulically fracttred horizontal well in a low permeability gas condensate reservoir.
The reservoir simulator, /ECLIPSE 100, was used to simulate a horizontal well with
multiple“hydraulic-fractures. Effeets of varigus factors such as fracture half-length,
fracture ‘width, fracture permeability, condensate bank size, the optimal fracture
coverage and spacing for transverSe fractures in horizontal well, on productivity of
gas condensate wells were studied.

Horizontal well with hydraulic fractures can achieve significant productivity
improvements over a non-fractured horizontal well. Fracturing the well significantly
decreases production time. Stimulation reduces the pressure drawdown, leading to
less liquid condensate dropout near the wellbore. The length of the fracture controls

the productivity. Long fracture yields higher productivity improvement, despite lower
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dimensionless fracture conductivity because the reduction in pressure drawdown far
exceeds the pressure loss inside the finite conductivity fracture.
The result obtained from this paper help us to enhance understanding of

hydraulic fracture in horizontal well and can be used as a guideline to increase

productivity of wells drilled in

1.1 Outlineo

This thesis i
hydraulically fracture I i gas condensate reservoir.
The economics a
fracturing design.

1. A non-fractur il well in & lot ity gas condensate reservoir

ivity improvement when

2. A hydraulically ‘ izontal is then modeled to evaluate the

effects of vario

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

. Frﬂh e permeabili m
. Nun ber of fracture '
3. Condensate saturation profile of theyhydraulically fractured horizontal well

hydraulic fracturing project#* F-

ARIANN T 1NIINYIAY



1.2 Review of Chapters

This thesis is organized into six chapters, and the outlines of each chapter are

listed below.

Chapter 11 presents a lite afl e ‘ of the research done on gas condensate
reservoir behavior, condensal : kac almes draulic fracturing in vertical
well and hydraulic fra --s.ia:..::_-?, well”1n addition, some of the studies on
the multiple hydraulic fracturing i n hor ntal 'J--u ve been reviewed.
Chapter I11 descri ONCEf
Chapter I\V/'s // gri \ %
Chapter V presents , -'.r

|s study

| d from the simulation runs

b"«

with different design parame 0 .e; te »1\"! \\ \ fractures on productivity
of gas condensate ,
Chapter VI provides c ions 0 udy a ommendations for further
F il
study. \

ﬂ‘lJEl’J‘VIEWIﬁWEI’]ﬂ‘i
QWWﬁﬁﬂ‘imﬂJﬁﬂﬂEﬂﬁE}



CHAPTER Il

LITERATURE REVIEW

This chapter discusses studies related to gas condensate reservoir behavior and
hydraulic fracturing. Some works are signifieanifor generating the most realistic
simulation model which will be used to determine optimal hydraulic fracturing to
enhance productivity. Review of the studies of Important parameters such as non-
Darcy flow and capillary pumber is alsolincluded.

The literature rewievw.has. been) sub-divided into five parts. The first part
contains a review of the sresgarch done Ito study gas condensate reservoir behavior.
The second part reviews some of the research done on condensate blockage treatment.
The third part reviéws the rgsearch done on hydraulic fracturing in vertical well. The
fourth part reviews the research dane on t;ydraulic fracturing in horizontal well.
Finally, research done in the past on multipié_ ,hy,(_iraulic fracturing in horizontal well is

reviewed. )

2.1 Gas Condensate Reservoir Behavior

Chen “er =al {1} _studied_the _condensate_behavior_fer-fwo North Sea gas
condensate reservoirs. They found that critical condensate saturation and relative
permeability data were sensitive to flow rate. Increasing flow rate could restore the
gas relative permeability. In a gas condensate reservoir, gas velocities near the well
are generallyyvery-high=if the"Reynold'sinumber exceeds,some value on the order of
1.0, Darcy's law imay not be wvalid. The flow is ‘then.'governed by Forchcheimer's
equation and depends on a non-Darcy flow coefficient that is difficult to determine
accurately.

Boom' et al. [2] found ‘ihat-even at low condensate’ content, ‘high' condensate
saturations may build up around the well as many volumes of gas pass through the
near-well region. They also observed that the degree of impairment depends on the
mobility of the gas and the condensate. Therefore, depending on the gas and
condensate relative permeability, a pseudo-steady state develops where condensate
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saturation allows the flow of fresh gas and condensate from deep into the reservoir

into the near-well region.

2.2 Condensate Blockage Treatment

Settari er al. [3] Investigated the -efiect of condensate blockage on the
productivity index of hydraulically » fractured wells in a complex, highly
heterogeneous rich_gas~condensate reservoir of Smorkbukk field. The authors
concluded that in the dewer permeahility range, proppant fracturing restored 50-70%
of the PI loss of an actual well compared to a non-fractured single-phase PI.

Fevang and Whitson [4] proposed a relative permeability model for fitting
steady state gas/oilsrelative permeability;béhavior, including the effect of capillary

number on k,, :f(k,g/km). The effect of: capillary number on gas/oil relative

permeability can result in a significant improvement in gas relative permeability and
thereby reduce the negative impact of coﬁéle;iéate blockage when proper relative
permeability model is used. They proposéd':'an empirical model for scaling gas/oil
relative permeability for different rock types }ilrid regions with varying end-point
saturations. _ _

Wheatony and Zhang [5] developed a general theoretical treatment of
condensate bankfg dynamic to show how the compositions of-heavy components of a
gas condensate ehange with time around production welts during depletion. An
increase in the tetal molar concentration of heavy components around a well will
occur once the flowingettomhole pressure falls below the dew point. The rate of the
changelin heavy component composition is higher in rich gas than for lean gas
condensate for a given reservoir system. They also observed that reservoir
permeability and production rate“have significant=effects on condensaté banking
behavior.

Luo et al. [6] conducted a series of experiments to investigate condensate
recovery based on two different development schemes: one where gas cycling is done
above the dew point and the other where gas cycling is done below the dew point.
They found that cumulative recovery above the dew point is more than that below the

dew point for the same volume of gas injection. However, cost consideration will
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come into picture for injection above the saturation pressure. The authors reported
that during the gas injection at the reservoir pressure, mass transfer between the dry
gas injected and the original gas condensate will lead to a rise in dew point pressure
and earlier retrograde condensation, which may reduce the gas condensate recovery.
Chowdhury et al. [7] developed a new semi-analytical method to predict the
well deliverability of a gas condensate well.damaged by condensate banking. The
authors divided the near-well region into several small increments and integrated the
equation with the radius from- the weli: as independent variable. They included the
effect of trapping numbgiand.also accounted for non-Darcy flow in the new model.
They concludedthat the new model is able to accurately capture the effects of
condensate banking and mnon-<Dargy flow_ near the well and that the method is more
general than the pseudopressure method oi;'. Fevang and Whitson (1999). One other
major advantage of this method, acco?aiqg to the authors, is that unlike the
pseudopressure method, .this method doé§n’t need producing GOR to make the

calculations.

: F

2.3 Hydraulic Fracturing in Vépfféal Well

Hashemiand Gringrartren [8] used rese-r\'/gi—f ’sirmulation to quantify the increase
in well produGtiVity-froem-difiereni-remediatton-sotuitons-such as drilling horizontal
wells instead of vertical wells, hydraulically fracturing vertical wells, etc. They found
that horizontal wells and hydraulically fractured vertical wells improve well
productivity, but the degree of improvement depends on well and reservoir parameters
such as'harizontal well lengths, permeability. anisotropy, fracture length, and fracture
conductivity."For ‘the particular case studied, theyfound that‘a fracture with a half-
length of 50 ft is equivalent to a harizontal well with.a drainage hole length,of 600 ft.
The “optimura | cheice, 'aceording | to the: authors, between “horizontal! wells and
hydraulically fractured vertical"wells, when both are technically feasible, canonly be

made from economic considerations.



2.4 Hydraulic Fracturing in Horizontal Well

Holditch [9] did an optimization study on the well spacing and fracture length
of low permeability gas reservoirs. The authors studied three examples that
represented a high permeability, a low permeability and a medium permeability gas
reservoir. They concluded that the most important parameters in determining the
optimum fracture length are the formation gas permeability and gas in place per
section. For a high permeability reservoir, they found that short fractures and large
well spacing will provide.the eptimum profit whereas for tight gas reservoirs, long
hydraulic fracturesand small well spacing are required to optimize the profit.

Baig and Dgoegemueller [10] studied productivity assessment of fractured and
non-fractured verticalbwells in a Iean/inferfhediate low permeability gas condensate
reservoir. Fracturing the well before ’t:hea_ formation of the condensate bank
significantly improves productivity: Stimulation reduces the pressure drawdown,
leading to less condensate dropout near thé'yve_l!bore, thus delaying the formation of
the condensate bank. Fracturing increases_t{he effective wellbore radius and hence
reduces the near-wellbore pressure drawdo_v_{/r—-u., Hydraulic fracturing enhances well
productivity. =

Medeiros et al. [1%]} studied the perfbfmance and productivity of horizontal
well with longitudinal fractures and transverse fractures in tight-gas formations. Well
spacing and draiaage area are important issues for tight formations. The surface area
of the longitudinal fractures cannot be increased, but the number of transverse
fractures may be increased to obtain larger surface area which provides an advantage
to improve productivity. ‘However, the incremental recovery per additional fracture
should be determined because it may decrease due to interference between a number
of fractures. The project economics analysis should be considered to decide the better
option,between transverse and longitudinal.fractures..One, important.conclusion,is that
If hydraulic' fracturing affects the stress distribution to create fractures around the
well, the productivity of the system is increased significantly.

George et al. [12] found that in gas reservoir the recovery factor is increased
dramatically when the hydraulic fractures are spaced closer together. The open

spacing of hydraulic fractures is driven by the ability to physically, continually
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propagate hydraulic fractures in close proximity to another. An investigation of
theoretical hydraulic fracture spacing provides a lower bound for their proximity.
Hooke’s Law is used to determine realistic minimum hydraulic fracture spacing. For
Hooke’s Law equation Ao =E(w/b), E is horizontal Young’s Modulus, w is
hydraulic fracture width, and 4 is hydraulic fracture spacing. In order for hydraulic

fractures to be very close together, very high siresses are required.

2.5 MultipleHydraulic Fracturing in Horizontal Well

Ehrl and Schueler [13] found that in a deep extremely low permeability (0.01-
0.02 mD) gas reservoig the'concept of multiple fractured horizontal wells has been
successfully used for the development o{x/ef conventionally fractured vertical wells.
Development started jwith™ massive ‘hydraulic fracture treatments in vertical well
producing at uneconomig gas rate of 5,000'm3/h. The Soehlingen Z10 well was drilled
with a 640 m horizontal section and four h'yd"l;aulic fractures providing a constant
plateau of 20,000 m*/h.. Cumulative gas'p?eduction to date is 600 MMm?®. The
technical and economical success of the Soeti;linb’éh Z10 well was a milestone for the
tight gas development and hydraulic fracturing in multiple wells program.

Albertoet al-[14] studied the transverse fr—acturing withf#multistage completion
concept in harizontal=weli=which=aliowssequential=execution of several fracture
treatments in a siagle pumping operation. Close spaced packer solution proved to be
very effective in-having the fractures placed exactly where-they were planned, more
specifically, correctly'spaced.

Byung Lee et al. [15]/studied gptimzation of multiple hydraulic fractures for
open hole horizontal welfs by numerical ‘'modeling.” A"maximum ‘productivity gain of
approximately 15 to 20% was achieved with seven<fractures. The oil producers are
completed viiih 6 1/8 inchepen hole horizontal wells with 3000 ft to~/000_ft open
hole section. The model isa useful qualitative tool in real application in a field in
Saudi Arabia. The well was successfully fractured utilizing a seven-stage acid
fracturing technique employing open-hole isolation and ball-actuated frac ports.
Multistage horizontal open hole completion system was installed to perform multiple
fracturing in one continuous efficient operation. The system utilized multiple open
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hole packers with frac ports in each of the segment to be treated. Starting from the toe
section of the well, each port was opened by dropping ceramic balls from the surface.
The ball isolates the horizontal section below each frac port; therefore, only one zone
is being treated at a time. Stimulation treatments are performed in separate stages, but
as a single continuous operation. The resulting productivity was increased three fold
when compared to similar offset wells.

Coghlan and Hoelland [16] found that in“Crderto obtain commercial flow rates
from a low permeability sandstone gas Feservoir, Chiswick field development needed
horizontal wells with muliiple.hydraulic fractures. The reservoir has average porosity
of 10% and permeabilityof LmbD. A program of multiple hydraulic fractures in three
horizontal wells_was suecessfully exectted. The wells were stimulated using the
converted frac-vessel Caoiled tubing operéiions were Intensive and were used for
perforating and for cleaning-out. Cly WeT_I‘ flowed at 48 MMscf/D against 150 bara,
and C2z well flowed at 56 MMscf/D agdinst 200 bara. Target well deliverabilities
were met in all cases. s a8

Lolon et al. [17] presented the resdl}g_of a fracture modeling and multi-well
simulation study. The ‘optimum number: of f[@cture treatment stages along the
horizontal lateral depends largely-oi reservoﬁér%eability, lateral length and number
of wells per section. The refative effect of number of stages_is smaller when the
permeability ds higher. For the 0.013 mD reservoir studicd, /the cumulative oil
production increases from 8 to 9% when the number of stages.is increased from 9 to
15.
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THEORY AND CONCEPT
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Figure 3.1 illustrates phase diagram of a gas condensate system. ThIS pressure-
volume-temperature (PVT) plot indicates single-phase behavior outside the two-phase
region, which is bounded by bubblepoint and dew point lines. Lines of constant phase

saturation (dashed) all meet at the critical point. The numbers indicate the vapor phase
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saturation. In a gas condensate reservoir, the initial reservoir condition is in the single-
phase area to the right of the critical point. It consists predominantly of methane and
other light components, but it also contains some heavy components. As the reservoir
pressure declines, the fluid passes through the dew point and separates into two
phases, a gas and a liquid that is called a retrograde condensate. The percentage of
vapor decreases, but can increase again: withe'continued pressure decline. The
cricondentherm is the highest temperature at which-two phases can coexist. Surface
separators typically operate at condition; of low pressure and low temperature.

As a reservoir preduces, formation temperature usually doesn’t change, but
pressure decreases. A continued decrealse in pressure increases the volume of the
liquid phase up tg:@ maximum amount of liguid volume then decreases. The amount
of liquid phase present depends not only on the pressure and temperature, but also on

the composition of the fluid: _
J

o

3.2 Region around Gas Condé'fjséte Wellbore
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Figure 3.2: Three reservoir regions [18].

Figure 3.2%llustrates three reservoir regions.;When the_bottomhale pressure,

Py, drops below the dew point pressure, P, gas condensate field behavior can be
divided into three regions:

e Region 3 is far from the producing well. In this region, the reservoir pressure

is greater than P, There is only gas phase.
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e Region 2 is closer to the well. The condensate reaches the critical saturation
for flow at point ;. The region between the location of the dew point pressure
and r; is condensate-buildup region. In this region, there are both gas and

condensate phases, but only ga

3.3 Condensate

“\ Sand grain

Condensate
| flow channel

5

-‘ Gas flow

m channel
#5% Distance from borehole

ﬂ ‘Llﬂ “Floie . okl ogdaq sl | | )
% e b e S

omt pressure. Condensate drops out from the gas phase. Capillary forces favor

having condensate in contact with the sand grains. After a brief transient period, the
region achieves a steady-state flow condition with both gas and condensate flowing.
The condensate saturation, S,, is highest near the wellbore because the pressure is
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lower, which means more liquid dropout. The oil relative permeability, %,,, increases
with saturation. The decrease in gas relative permeability, k., near the wellbore
illustrates the blockage effect.

Gas and condensate production decrease because of near-well blockage, and
the produced gas contains fewer valuable heawy component because of dropout. The

condensate has insufficient mobility to flow.towaid the well.

3.4 Non-Darey Flow

The effect of nen-Darcy tlow onithe productivity of a hydraulically fractured
gas condensate well has been studied. Henri Darcy [19] proposed a mathematical
relationship that is knowa as/Darcy's law ;qf;ter doing an experiment on flow of water
through sand filters at relatively low flovy rate conditions. This relationship is the
fundamental equation governing flow: of flrui_d through porous media. It states that the
flow rate is directly proportional to the pressure gradient which can be written as:

_ tdp/: .
= 3

where u 1s flow rate

k is permeability of the rock
P IS pressure
MU

is Newtonian viscosity of the fluid

Forchheimer. [20]' observed.that Darcy's law 'did not matchithe data at high
flow rate"while doing experiments related to flow_of water through linear porous
media. Forchheimer «correction, ‘which takes'into account the inertia £ffects tue to
high ‘velocity that”may occur- in“high* permeability- regions,=such" as" fractures, is
considered in this study. When flow velocities are high, turbulent effects as predicted
by the Forchheimer model becomes significant. Forchheimer proposed the quadratic

equation.
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H 2_ 9P
u . + fpu” = I (3.2)
where P is density of the fluid
B /
At a very low @tion reduces to Darcy's law

For multiphase flo riate orrelqate the non-Darcy flow
coefficient, g, w f the porous medium is very important.
Geertsma [21] ing, c H* or_the case of gas flowing in

porous media wit . Thi relation takes gas relative permeability,

U ount.

water saturation, res

(3.3)

where

Non-Darcy ﬂ'okcoefficient S vewimportant factor. Neglecting it can

U TR TR
ANBAIRIRMIIN TN

At high gas velocities, in addition to the Forchheimer correction, it is also
possible to take into account more complex effects of velocity dependence of the
relative permeabilities. The relative permeabilities of the gas and condensate have
often been modeled as a function of interfacial tension. This is usually modeled
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through correlations in terms of the capillary number, N., a dimensionless number
which measures the relative permeabilities of gas condensate fluids as a function of
viscosity and capillary forces.

These models are intended for gas condensate systems where the expected
reduction in Productivity Index (PI) when the well bottomhole pressure drops below
the fluid dew point pressure has not been observed in practice. Several theories have
been suggested as to why:the gas relative permeability-in particular remains relatively
high but the current consensus seems tg imply that a combination of low interfacial
tensions (IFT) at reservaiiconditions and high velociiies as flow converges towards a
producer are the'main diving forces. Normal engineering practice is to combine IFT
and velocity through the so-galled Capill_ary Number. The following equation shows
that the capillary number 4s proportienal ’tc;'. gas velocity and gas viscosity, and also
inversely proportional to interfacial tensio?f[Z}Z_].

e
N gtg

7 (3.4)
where N, is capilary number
Vg is gas.velooity. _
g IS gas viscosity
o isinterfacial tension

The correlations for capillary number can be divided into twoClasses as follows:

e Corey relative permeability functions,

A way to include the capillary number that uses part of the general
knowledge on relative permeability is to represent the relative ‘permeability
functions ‘by a Corey function, whose coefficients depend jon. the capillary
number [23].

(N
Sa_Sra(NC)jg ( C) (35)

k,,a(Sa’Nc):k:a(Nc)[ 1-5,,(Ne)
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where k, is the end-point relative permeability
S, is the residual saturation
e is the Corey exponent that fixes the curvature of the
relative .

ermeability function
’; / ondensate, gas)

signed t d data closely, and do not

ensure proper limits _ W Hh capillary number. The
resulting functions i so. itting the functions to a large

JL:J'T

)k (ST 'f’ f-“iNafk SENTT k..(5) ()
L il .

is the relatlve‘B@rmeablllty function in the limit of

ﬂ ‘uﬂ ’3 ﬂﬁm‘ﬁﬁﬂ ik
0 mmmmmfmmﬁ i,

is more explicit than the case of interpolating Corey coefficients, so that

convergence causes less problems.
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Both capillary number and Forchheimer effects are included in the generalized
pseudo pressure equation calculating near wellbore flows exhibiting condensate
blockage behavior in a gas condensate reservoir.

Capillary numbers must be used for simulations below the dew point,
otherwise, pressure drops and condensate dropout are overestimated and well

productivity is underestimated.

3.6 Mechaniesof Hydraulic Fracturing

Hydraulic fracturing invelves pumping a fluid at high pressure into the
formation to exeeed the rogk strength and open a fracture in the rock. A propping
agent is often pumped into the fracture iq lkeep it from closing when the pumping
pressure is released. ‘.

Brady er al [24] observed ihat }o_cks will open In the direction of least
resistance. For normal faulting regimes, overburden exerts the greatest stress and the
direction of least resistance is fhorizontal. 'Eicactures will open perpendicular to the
direction of least horizontal stress; &, and \'/értical fractures form. However, for
thrust faulting regimes, the horizontal stress, c_?;j,;,_ax’_,’may exceed the vertical stress, o, ,
and horizontal fractures méy form. In slip faul'ti;l—g régimes, the vertical stress, o, , is
intermediate and-the-mintmum-ana-maximum-siresses-are-nerizontal, ;. , and oumuay.
Fracture surface s .usually near vertical.

Figure 3.4 /indicates a hydraulic fracture emanating from a wellbore in a
multilayered formatien in a normal faulting.regime. Here, o), denotes the minimum
horizontal stress, @nd 4, denotes the vertical stress. In this case, the-vertical stress is
greater,’and the  fracture*opens'perpendicular to‘the minimum*horizontal stress. U, R
and L denotes the upper, reservoir and lower formation, respectively.
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Figure 3.4: IsometrigView of a hydraul -ture eman in stratified porous
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Xr is fracture half length.
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Fracture conductivity affects the distribution of gas production into the
fracture. Montgomery et al. [26] found that when the fracture conductivity is high, the
pressure drops in the reservoir are distributed more uniformly along the fracture, and
the fracture will drain the reservoir more effectively because the pressure drop inside
the fracture is reduced to a minimum. When the fracture conductivity is low, the
pressure drops are greatest near the wellbore.«The pressure drop profile in the
reservoir will appear tosbe “radial”, and the well behaves more like a well producing
under radial flow conditions.

Two fracture typesoceur in hydraulically fractured wells: finite conductivity
fracture and infinite conductivity fracture.

e Finite conductivity fraciures are the fractures with significant pressure drop
along the axis. Jjrhis modet is R/ery common case, unless formation
permeability is extremely low in micro__darcy range.

e Fractures with infinite permeability.and conductivity have little or no pressure
drop along thelaxis. These: fractures are referred as infinite conductivity
fractures. They exist in highly propped tight-gas formations. Usually, fractures
with dimensionless conductivity. greater',than’ 300 are treated as infinite

conductivity fractures.

3.8 Fracture Stimulation in Horizontal Well

A horizoatal well can be considered as a limiting case of an infinite-
conductivity fractureswith a fracture height equal to the wellbore diameter. One of the
main advantages ‘of drilling a horizontal well in a tight ‘reservair-is the fact that it
allows ‘placing more fractures in“the main“wellbore“and consequently obtaining a
better coverage of the reservoir. There are many ongeing researches on the efficiency
improvemeni-of horizontal well:

One of the most recent approaches that have been developed was 10 use a
system that becomes a permanent completion liner. This system is a series of packers
that are integral to the deployed liner. The use of the packers allows the wellbore to be
segmented into selected areas for stimulation. Between each of the packers is a sliding

sleeve referred to as a fracport. The isolation packers are set just before and after the
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fracport. The method of selectively opening the fracport is to drop larger diameter
ceramic balls that land on a beveled seat below each of the ports. The seating ball
controls the sleeve to the open or close position. Close spaced isolation packer
solution is very effective in having the f actures placed exactly where it was planned.

Also, the planned fracture spacmq éﬂi Iﬂ ing fracture-to-fracport flow-path can
be achieved [14]. /

Figure 3.5 lllustu% spac |50 rs and Figure 3.6 illustrates

hydraulic fractures Ww
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Figure 3.5: Close Close space e'.A;;';-f- packers [14].
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Figure 3.6: Hydraulic fractures in horizontal well [27].
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3.9 Transversely Fractured and Longitudinally Fractured
Horizontal Well

When considering the fracture plane, the fracture is assumed to be on the plane

identified by the well trajectory\ehg\r'e!f um horizontal stress direction. The
fracture-to-well interface is practically a correspondlng to the perforated

interval. This means t 6\7\/ in the be linear. In general, it is
assumed that the fr@overl*pmgm each others.

For a horizontal , ractu e-di_rei%ﬁ%q%ﬂc:gitudinal or transverse.
Longitudinal fra ated if. the Wél‘l—{i d along the maximum

horizontal stress “direction of minimum
principal stress, multi @f&c&r@ n be induced by hydraulic fracturing.
Transverse hydrauli : ( rom the wellbore will orient
themselves perpendi nifum :

Figure 3. .88 y * , wlati rid o? longitudinally fractured

horizontal well and t
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Figure 3.8: Simulatig gﬁd for transge‘l fractured horizontal well [28].
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CHARPTER IV

RESERVOIR SIMULATION MODEL

In order to use hydraulic fracturing to enhance gas and condensate recovery,
reservoir simulator is used as a tool to predict gas and condensate production. The
reservoir simulator, ECLIPSE 100, is used io“Simulate performance of hydraulic
fractures for horizontal well in.a gas condensate reservoir. The reservoir simulation
model setup is categorized«intosfour main sections: grid, fluid, special core analysis,
and wellbore secuons. Eirst, the grid section specifies the geometry of the reservoir
and its permeabiligy” andsporosity. Thé fluid section specifies the reservoir fluid
property and initial rgserveir condition. The special core analysis or SCAL section
specifies the three-phase irelative perrﬁéabi_lities. Finally, the wellbore section
specifies the wellbore model and" the ) vértical flow performance model. The
description of simulation input and how prdhgrtigs were gathered are presented in this

chapter. )

4.1 Grid Section

4.1.1 Reservotr Model Description

The field is.a low permeability gas condensate reservoir. A black oil numerical
reservoir simulator, ECLIPSE 100 from Schlumberger, was used to simulate fluid
flow in'the reservoir. The reservoir model is-assumed to be homageneous. The top of
reservoir is located-at a“depth"of*8,000 ft. The key reservoir‘and model parameters

used in the simulation are listed in Table 4.1.
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Table 4.1: Key reservoir and model parameters.

Characteristic parameter Value
Average porosity 20 %
Horizontal permeability 0.2mD
Vertical permeab “"1 ” , 0.01 mD
Water saturatic a_k - E\Lf// o 5%
Initial resery -u.__:“ e at 8050ft . 3500 psia

Reservoi : l ) — 260 °F

Hor'z i) Lo
Wellbore jjf %\\‘.&\&.& inch)

4.1.2 Gridding

Cartesian geid mode ich” is7€o \ o simulate a full field

simulation model and block" entel od s e Ny rectangular drainage area

i i
with a horizontal well'is modeled. Th :a%-'—_ ir mod el ensions are 3200 ft x 1300
ft x 100 ft with 32 x 21 x E ,,)5'{,} directions, respectively. Table 4.2

shows the sizes of the gridblogks. - 7
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Table 4.2: Sizes of gridblocks

x-dir

size (ft)

y-dir

size (ft)

z-dir

size (ft)

1to 32

100

100

1

20

15

10
10
10
15
20

Ol iw|nN

"' 7.
-
w

100

““ﬁ‘ﬁﬁﬁ”ﬁ?f@mwmm

L'acal grid refinement (LGR) is used in the simulation. Some of the gridblocks

O PR P ALVl R Ik Y2 W

‘I‘Idb|0Ck. These refined gridblocks can be of variable size and can be assigned

different reservoir properties. LGR is particularly helpful for simulating hydraulically
fractured reservoirs. Single-well simulations with a LGR grid were performed to

model condensate banking in order to capture the important changes in condensate
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saturation and relative permeabilities near gas condensate wells when the pressure
drops below the dew point pressure. This is required for accurate calculation of liquid
dropout around the wellbore.

To minimize computation time, only a sector of the model is locally refined.
The 100-ft wide parent gridblocks around the wellbore are locally refined into 10-ft
wide gridblocks in the x- and y- directions. in ECLIPSE, we need to specify LGR

name, coordinate, and the-number of refined cells as.shown in Table 4.3.

Table 4.3 Local grid refinement.

LGR Coordinate Number of refined cells
LGR Name
| J K X Y Z
WELL1 1-32 & S\ 74 320 10 1-7

4.1.3 Fracture Grid Modeling

In this study, fractures are modeled.asErwin et al. [29] suggested in his paper.
The authors studied fracturing.a horizontal Well;n a gas condensate reservoir. They
indicated that the best method-for simulating 'neér-wellbore effects was to use very
small size gridblocks with-high-permeability to represent the hydraulic fracture and
gridblocks with-Sizes gradually increasing away from the fracture to represent the
reservoir.

The 10-ft wide gridblocks are locally refined into small size fracture
gridblocks of 0.02083, 0.05, 0.1 and 0.2 ft in the x-direction depending on fracture
width in_each designed case.. The, fracture fength was modified by changing the
number of local gridblocks in the y-direction containing fracture properties. Different
fracture designs with different fracture spacings, lengths, widths and permeabilities
were.simulated.

The [10-ft wide  refined gridhlocks around sthe' wellbore within the LGR
WELLL1 are locally refined to model fracture gridblocks. Two of the 10-ft wide
gridblocks are locally refined to seven gridblocks in the x-direction having fracture

gridblocks in the middle as shown in the Table 4.4.
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Table 4.4: Sizes of locally refined fracture gridblocks for 10-ft wide gridblocks.

Fracture Size (ft)
width
(ft) x-dir#l | x-dir#2 | x-dir#3 | x-dir#d | x-dir#5 | x-dir#6 | x-dir#7
0.02083 9 0.5 0.489585 | 0.02083 | 0.489585 0.5 9
0.05 9 0.5 0.475 0.05 0.475 0.5 9
0.1 9 0.5 0.45 aF 0.45 0.5 9
0.2 9 =5 0.4 . 02 0.4 0.5 9

The 100-ft wide gridblogks along the fracture plane which is in the y-direction
away from the wellbore, are locally refined to model fracture gridblocks. The 100-ft
wide gridblocks are locally refined to &even gridblocks in the x-direction having

fracture gridblocks in.the middle as'shown in Table 4.5.

— =t
i

Table 4.5: Sizes oilocally efined fracture gridblocks for 100-ft wide gridblocks.

Fracture “d. 44 l-?gize (ft)

W('fotl;h x-dir#l ' x-dir#2 | xdirk3 | xedir#d | x-dir#s | x-dir#6 | x-dir#7
0.02083 | 49 0.5, 0489585 | 0.02083 | 0.489585 | 0.5 49
0.05 49 0.5 —=0475— 0.05 0.475 0.5 49
0.1 49 05 =1 1045 DA~ 045 0.5 49
0.2 49, 0.5 0.4 0.2 04..| 05 49

Figure 41 shows areal view of the simulation grid useHT]:racture planes are in
the y-direction. A<horizontal well of 2700 ft long is in thesmiddle of the reservoir
penetrating in the x#direction. Figures 4.2, 4.3 and 4.4 show magnified view of the
fracturegrid; side view aof the simulation grid, and 3D view of the simulation grid,

respectively.




I Fracture

- Figure 4.2 Magnified view of the fracture grid.

Figure 4.3: Side view of the reservoir model.
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Figure 44 3D view of the reservoir model.

4.2 Fluid Section

4.2.1 PVT Modeling

In this study, the reservaoir. temperature is assumed to be constant at 260 °F.
The dew point pressure at reserveir temperature is 2610.61 psia. PVT properties for
gas and condensate are modeled by two ECLIPSE keywords: PVTG and PVTO, as
shown in Tables 4.6.and 4.7. Table 4.8 shows water P\.T, fluid densities and rock
properties. The source of data i1s from one of the gas condensate reservoir studies

provided by Schiumberger.
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Table 4.6: PVTG wet gas PVT properties (vapourised oil)
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Table 4.7: PVTO live oil PVT properties (dissolved gas)
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Rs (Mscf/stb) | Ppup (psia) | FVF (rb/Mscf) | Visc (cp)
0.011229167 100 1.02 0.975
0.028072918 | 725.18869 1.028 0.91
0.056145835 | 1450.3774 1.036 0.83
0.111 2900.7548 1051 0.695
0.135 3625.9434 106 0.641
0.16843751 4351.1321 1.067 0.594
0.22458334 5801.5095 1.08 0.51
(25113869 1.076 0.549
18058.396 1.063 0.74
0.28072918 (262.0395, | 1.09 0.449
13063549~ . 1.08 0.605
71 v II'- J-:
Table/4.8: P{/JT Modeling
Parameter -~ Value
Reference pressur?e.r':-;. ' 4439.6 psia
Waier.FVF at reference pressure 1.03 rb/stb
\F:\r/g;zrrtlzi)e\g Water cOmpressibi]jtT' . 2.8269E-6 /psi
Water viscosity at reference pressure 0.3¢cp
4 Water viscosibility ' 0 /psi

Fluid densitiés at
surface conditions

Oil density 49.992 Ib/ft?
Water density 62.801 Ib/ft®
Gas density | 0.061847 Ib/ft®

Rock properties

Reference pressure

3000 psia

Rock compressibility

8.430027E-6 /psi

4.2.2

Initiakization

The initial reservoir pressure is 3500 psia at 8050 ft which is above the dew

assumed to be operated at a constant rate of 10,000 Mscf/D.

point pressure. There is no liquid condensate present at initial conditions. The well is
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4.3 SCAL (Special Core Analysis) Section

The oil saturation and oil relative permeabilities are tabulated in Table 4.9 and

shown in Figure 4.5. Two types of relative permeability, &, and ko, are used. &g,

is the oil relative permeability for a syst 0 oil and water only, and k. is the oil

relative permeability for a ster ﬁ vith o al as. The source of data is from
one of the gas condensate reservoir ! hlumberger.

| ——
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Figure 4.5: Oil relative permeability function.
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The gas saturation and gas relative permeability are tabulated in Table 4.10
and shown in Figure 4.6.

Table 4.10: Gas saturation and relative gas permeability.
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Figure 4.6: Gas relative permeability as a function of gas saturation.
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The water saturation and water relative permeability are tabulated in Table
4.11 and shown in Figure 4.7.

Table 4.11: Water saturation and water relative permeability.
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q Figure 4.7: Water relative permeability as a function of water saturation.
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4.4 \Wellbore Section

4.4.1 Wellbore Model

The production well in this study: has the wellbore inside diameter of 0.29 ft
and is located at depth 8050 ft. The well-is«designated to be a multi-segment
horizontal well. Well production is contJroIIed by-gas‘production rate target of 10,000
Mscf/D. Minimum gas produetion rate is set at 500 Mscf/D. If the gas production rate
falls below the minimumythe well is shut in. Tubing head pressure target is set to 500
psia. .
The generalized pseudo-pressure i_nflpw equation which alters both gas and oil
mobilities and takesfaccount of the effecEé of condensate dropout is used in this
model. Vertical flow performance and rﬁhltjrsegment are also used in this model.

They are discussed in detail in the followir{’@gl sections.

4.4.2 Inflow Performance Relationsh-i’b.—i,n ECLIPSE 100
L)

In ECLIPSE 100, the. inflow perforrﬁdce relationship is written in terms of
the volumetric production raté of each phase- ét-'-é_t'c');c_k'tank conditions. The flow path is
defined between-the well bore and a single reservoir gridbioek-as a connection. The
flow rate of a“phase (oil, water or gas) across a connection 1s given by the Inflow

Performance Relationship,
Ay =T M0 (B =R -85 (4.1)

where Gy is the volumetric flow rate of phase in connection at:stock tank
conditions. The flow is taken as positive from the fermation
into the well and negative from the well into the formation
T,; isthe connection transmissibility factor defined below
M,; is the phase mobility at the connection defined below
P; is the nodal pressure in the gridblock containing the

connection
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P, is the bottomhole pressure of the well
H,; isthe well bore pressure head between the connection and the
well’s bottomhole datum depth

4.4.3 Connection Transmi ,W/

The connectio Vbilit fa@ on the geometry of the
; —

connecting gridblock, the well-bore radius, and the rock permeability. Its value may
be specified directly or.i -ulated by the program using the formula below.
In a Cartesian gr ' slatic \ \

&R

(4.2)

where ecting with the well, in radians.

alue is 6.283

kh i effective permeal imes net thickness of the

of the gridblock defined

53 11 (1o (b0 v R

block. Inﬁ!l Cartesian grid, we use‘Peaceman S formula [30], which is Ilcable to

g A ISR FO B ﬂﬁﬁﬁ 2L

two of its faces. The pressure equivalent radius is expressed as:
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(4.3)

where D, and D, are f the gridblock, and K, and K,
are the x- and y- directi

Equations 4. ells. Horizontal wells may
penetrate the block ropriate components of
permeability an 2 equations. For a well
penetrating in the , Dy, D. will be used in

Equations 4.2 and 4.

(4.4)

The term Mp, in Eq e mobility of the phase p at the

i -l

connection. In-produc nnections, whe om,the formation into the

—h

well bore, the: ’hm}.ﬂ ock Containing the

connection. The'mab o gas) is given by
] "'
- il

My = kil (4.5)

Whereﬂutl’mﬂllﬁmmﬂ‘i

Ay s defined by

ARIANN TN Nﬂﬂﬂ‘&ﬂﬁ d

(4.6)
pJ”pJ

where Upj s the phase viscosity

B,; s the phase formation volume factor



38

The quantities in Equations 4.5 and 4.6 are determined from the pressure and
saturations in the gridblock. The total gas and total oil mobilities are obtained by
including the dissolved gas and vaporized oil content of the phases

Mo = Mg j Ry Mg
Mgr] B Mfgr] + RsrjMfolj (4'7)

o

4.45 GeneralizedsPseudo-pressure Method

ECLIPSE 100_has an option to use special inflow equation, the generalized
pseudo-pressure .€quation, (o provide a more accurate model of the flow of gas
condensate into the well /This method tak'_qs' into account the pressure-dependence of
between the gridblockspressure and the well bore pressure. The generalized pseudo-
pressure method is intended for use.by gaé’gondensate producers. It provides a means
of taking into account of condensate drbbﬁut;’ as well as compressibility, in the
calculation of the mobility integral. 1t is b;em"edron the method described by Fevang
and Whitson [4]. : 222 4

At the beginning of eaeh timestep, thETsritegral of the total oil and gas mobility
is evaluated between the 7gﬁdblock press-ljiré;?a"n-d-the well sbore pressure at the
connection. This -is-compared-with-the-total-oil-and-gas~mobility at gridblock
conditions multiphied by the drawdown, and the ratio of the two quantities is stored as
a "blocking factor" for each gridblock connection in the well.

P e
i )Mo H P

) (Mg.j + Mo.j) (P} - (Pw + ij))

B, (4.8)

The Integrand is fundamentally.a function of-two independent variables: the
pressure P and the gas saturation, S,. The oil saturation is equal to /-(S, + S,,) and S,,
is regarded as fixed at the gridblock value. However, S, is eliminated as an

independent variable, making it a function of P at pressures below the dew point by
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requiring that the local total mobility ratio should be the same as the total mobility

ratio at gridblock conditions,
Mo/Mg F Mo,j/Mg (4.9)

This requirement assumes that withtn the gridblock the flows are in steady
state and there is no zone efimmobile djopped—out oil: The integral in Equation 4.8 is
evaluated by applying the.trapezoidal rule 10 a set of pressure values between the
gridblock and connectignpressures. At each pressure value below the dew point, the
gas saturation is determined by solving Equation 4.9 using Newton's method.

The blocking factor, g, is then used to multiply both the oil and gas mobilities
in the inflow performancerelationship, Eq'u.aition 4.1. Note that the free oil mobility is
modified by thistreatment. - 7

The blocking factor for each conftection IS retained for the duration of the
timestep and recalculated at the beginning’f(-)_f each subseguent timestep. This degree
of explicitness should cause oscillations. T [hese may be damped by averaging the

calculated blocking facter with-its.value at the previous timestep.

ﬁusreidjszr fﬁnew - (1'._- -ijp-revious (4-10)
where £ is the weighting factor

4.4.6 Capillary number

In "this*study, the interpolation ‘between Immiscible”and ‘miscible relative
permeability functions is used. A capillary number modified gas relative permeability

is'given by
krg = /‘}krgl + (1- /‘})krgM (4.11)

where kg is the capillary number modified gas relative permeability

krere 1S the straight-line miscible relative permeability
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ko s the immiscible relative permeability
1 is the capillary number dependent transition function

t transition function depends on the gas

The capillary number depe

capillary number, N, and is gi

(4.12)
where «a = i ‘ : 2 iS a constant depending
only on rock propert
(4.13)
where
is the porosity —
J'f,"i*j" 7 Ly
This model depends on two parameters: the exponent«#-in Equation 4.12 and

53
the ac coefficient | VI ‘ ly defaulted to 0.65

and 10*, respectively. These defau ed in this s

ﬁ"ﬂeﬁl’ﬁ YEMTYNT

sure losses between the bottomhole p &sure reference deﬂj and the

AT A AT

segment.

VFP tables can be constructed to describe the pressure drop along a certain
length of tubing at the appropriate angle of inclination, using a suitable multi-phase
flow correlation. The pressure drop along a segment is interpolated from the
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respective VFP table and can be scaled according to the length or depth span of the
segment.
A program, PROSPER [31], can be used to calculate VFP tables, using a

choice of multi-phase flow correlations to calculate the pressure losses within the

tubing string.

This study uses “Petroleum Exg elation which combines the best
features of existing co ons. It use : al. [32] flow map and the

obtained by dividing the'well bore i _J un f segments. A single-bore well will
just consist of a series of segments arra ged in sequence along the well bore.
Each segment ¢ s'of a node and‘a’ 0 its parent segment's node.

illustrated in w X J

i
AUEINENINYINS
RN TUNRINYINY

A segment's nade is | om the wellhead as
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idocls ot che
of hting
inclEnstin
Fig N@I [22].
Each segm ness, area and volume

and also has its own Sg

gas.
The pressure drop_is ¢ d’ﬁ;’l\z&d from*p “L:. ulated VFP tables. Use of pre-
calculated pres‘:ﬁe drop tables can pro&’lrjce

homogeneous oW treatment used in the other well model:
responds to the well's

The top segme €
|

bottomhole referﬁe depth, so that the top segment's pr

re is the same as the

well's bottomhole pressure. Since there is noparent segment above it, no pressure

120 Shamaisanine i
ammmmwnwmaa



CHAPTER YV

SIMULATION RESULTS

The base case simulation wh n-fractured horizontal well in a low

permeability for evaluati he pi ivi ; t when a horizontal well is

hydraulically fract ——

ured.
A hydrauli( i al well was then modeled to evaluate the

effects of vario length, fracture width,

fracture permeabili

To obtain a ¢ “assessment ¢ f reservoir characteristics,

. - ._'"g-—'—' LN/
five reservoir v 02,04, 06,08 and 1

mD. Figure 5.1 il well mulation model. The

five cases were simulated with a constant flow rate of e1|'~| scf/D.

AU INININYINS
RN TUNRINYINY



Figure 5.2 shows t At gas productwn rate for a reservoir permeability of 1 mD
is greater than that for er cases A er 452 days of production at a constant rate
of 10,000 Mscf/D, d clmeSvshar y and goes below that for the other cases
due to depletion. Note that the. l:eservow wn;h.pe,rmeablllty of 0.2 mD cannot sustain a
plateau of 10,000 Ms /D J.:r‘

s, - ey
, Gas Prodﬁloq Rate
12,000 ,——— e - — I-
10, eeoe -t
S

Gas Rate, Mscf/D

0 500 1000 1500 (7 2000 2500 (71 30007 [ 3500 4000

Time, days
Kres=0.2md ==--- Kres = 0.4md Kres = 0.6md
------ Kres = 0.8md Kres = 1md

Figure 5.2: Gas rates of the non-fractured horizontal well for different reservoir
permeabilities.
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Figures 5.3 and 5.4 show that cumulative gas production and recovery factor
for a reservoir permeability of 1 mD are greater than that for the other cases.
However, recovery factor only slightly increases when reservoir permeability

increases.

10

—ﬂ-‘---

lll u\\\\
%g? ".\

...... A I e st K

"fé v

Cumulative Gas Production, MMscf
N

3000 4000

Kres = 0.6md

Figure 5.3: Cumulative g .;.P.Ja'f'a:- Jifferent reservoir permeabilities.
L

S i e

-
e -
. -

o -

) -

q 0
0 1000 2000 3000 4000
Time, days
Kres=0.2md  ----- Kres = 0.4md Kres = 0.6md
------ Kres = 0.8md Kres = 1md

Figure 5.4: Gas recovery factor for different reservoir permeabilities.
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Figure 5.5 shows that production time for the reservoir permeability of 0.2 mD
is 3818 days and the production time for the reservoir permeability of 1 mD is 2103

days which is 1715 days less than that of the former case.

u__,__ gl%f.f e rmeability

“ 68#

4000 -
3500 -

s 7| A
§00 |t L NN
%x}ig BN

10003 REE Y\ NN
o il AL — WAN\N
0 ll J ﬂ@ f“\\\\\

T
Figure 5.5: Production time of the non-fraci norizontal well for different reservoir

Figure  and 5.7 st {"" roduction rate and
cumulative con ate Vithep ots of gas production

i}

rate and cumulative gas production.

ﬂ‘lJEl’JVIWlﬁWEI’]ﬂ‘i
Qﬁﬂﬁ*ﬂﬂimﬂmﬂmﬂﬁﬂ
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Condensate Production Rate
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Condensate Rate, stb/D

'@,
"--
. u'

000 3500 4000

' ‘\\ Sosmd

Figure 5.6: Condensa adtiction-r 1"1""'\\- erv0|rpermeab|I|t|es
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150,000 illr"._ J :!

100,000 !

ulative Condensate Production, stb

i l 2000 i ! 4000
ql Time, days
Kres =0.2md ~¢---Kres = 0.4md = Kres = O.GW

Table 5.1 summarizes the important results. It shows that reservoir
permeability has a significant effect on the gas production time. To obtain a
comparative assessment of hydraulic fracturing, a reservoir permeability of 0.2 mD,
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which is the worst case, was used to simulate and study the improvement when a

horizontal well is hydraulically fractured.

Table 5.1: Effect of reservoir permeability

. \ Cumulative .
Reservoir Gas condensate Production
permeability - . time
— roduction

(mD) (MSeh) (sth) (days)
0.2 ' 94 359,089 3,818
0.4 374,438 3,243
0.6 : 9, 816 2,968
0.8 —0,7 9,760 2,893
1.0 0 1|+ 79,869,300 982 2,103

. g3 (= 4

5.2 Fracture 1S ulat e

e
5.2.1 Effect of fracture spacing - A\
i »"-a-"'" !l'.l"

To understand the i ment of hydraulic fracturing, a
hydraulically fracture iZom L with gas production rate of
10,000 Mscf/D- S ings: 200, 300, 400
and 600 ft as tively. The fracture
half-length of 600 ft, frac re permeability of 100,000 mD

were used in all cases. The performances of these four cases were compared with that

“”ﬁﬂﬂqwﬂﬂiwswni
AN TUANINGAE



49

Figure 5.8: ArealVie

aﬁon model with fracture spacing of 200 ft.

if the simul

Jpacing of 300 ft.

V-i" -i'
€3
,LJ

Figure 5.9

Figure 5.10: Areal view of the simulation model with fracture spacing of 400 ft.



Figure 5.12 s S that hydr'aullc;frécturlng Improves productivity. There is a
plateau in the gas rate or all fractured‘c*ases compared to no plateau in the non-

fractured case. For the fr ture spacmg OB 200 ft, the gas rate is constant at 10,000
i i Fi
Mscf/D up to 134 days. .

F] £ e ,-'_.l'i-:l-l g!'

r i
g ot - f
r L i y L

Gas l5r_oduct10n te

Gas Rate, Mscf/D

-
.
-
- |

0 500 1000 1500 2000 2500 3000 3500 4000
Time, days
e without fracturess,. ¢ s 1 s 2520 fracture spacing.= 600-ft

fracture spacing = 400 ft +e#e«¢ fracture spacing =300 ft
“—=— fracture spacing= 200 ft

Figure 5.12: Gas rate for different fracture spacings when maximum gas rate is fixed
at 10,000 Mscf/D.
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Figure 5.13 shows that when the maximum gas rate is not fixed, hydraulic
fracturing causes the gas rate to go up above 10,000 Mscf/D in all cases. For the
fracture spacing of 200 ft, the gas rate goes up to 14,810 Mscf/D.

16,000
14,000
a
E
=
[}
IS
o
8
0]
~r"_ \u 000 3500 4000
—— withouglfracglire:d & & /< 18 racture spacing = 600 ft
fracture spacir 00t acture spacing = 300 ft
fracture spaci 00t : "
Figure 5.13: Gas rate for d rent fractu en maximum gas rate is not

..f.'#' and gas recovery
m ¢ l";‘ of 200 ft, the gas
recovery factor reases to 0.478. However, gas recov

increases when fractlhﬁacmg decreases.

F’T‘UEI’J‘VIEWI?WEI’]ﬂ‘i
QW’mﬁﬂ‘iﬂJﬂJWT}ﬂEﬂﬁﬂ

factor increase

factor only slightly
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Gas Recovery Factor
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Figure 5.14: Gas recovery fa cture spacings.
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From Figure 5.15, the productivity of the fractured horizontal wells is slightly

greater than that for the non-fractured well. However, Figure 5.16 clearly shows that

production time of the fractured wells is much less than that of the non-fractured well.
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The production time for the case with fracture spacing of 200 ft decreases by 1192

days compared to that of the non-fractured case.

acture Spacing

Effect of
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Figure 5.16; Productio! ere acture spacings.
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Cumulative Condensate Production
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Figure 5.19: Cumg at - ate duction for o ="~. ent fracture spacings.
ind \

For a tight gas cc ensgmr /A vell !\!» Ivity increases as fracture
spacing decreases. Table's 2 SUmma mar lze.ssJ tant results. It can be seen from the
table that the fracture |tsel1;- -- -------- ing have small impact on the gas
recovery increment, b ¥ oduce.gas from the reservoir
reduces as thefracture spacing is less

i ‘ ‘
Condensate aller. There is a big

improvement in Enulative ondensate productio

non-fractured case. Pe cumulative condensate production for the case with fracture
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for fra
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Table 5.2: Effect of fracture spacing.

Cumulative | Percent- | Cumulative | Percent-
Gas Product-
Fracture gas age condensate age . .
. recovery . . ) . ion time
spacing factor production | increase | production | increase (days)
(Mscf) (%) (stb) (%) y
No fracture| 0.462 9,401,612 - 359,089 - 3,818
600 0.476 9,686,306 3/03 402,930 12.21 2,929
400 0.477 9,714,827 3.33 406,663 13.25 2,865
300 0.478 9,733,976 +3.53 410,003 14.18 2,693
200 0.479 9773210 4.01 171588 14.62 2,626

5.2.2 Effect of fracture half-lengtﬂ;

Fracture hali=length will afI;egt thetgolntact area between well and the reservoir.
Increasing the half-lepgth will have a dir%pt impact on production. In this study, the
objective is to investigateé the effects of fracture half-length on well productivity by
varying fracture half-length from case to case Four simulation models were run with
seven fractures along the horizentél well Bfﬂ’i}if!ferent fracture half-lengths: 50, 200,
400 and 600 ft as illustrated‘if Figares 520_521,‘ 5.22 and 5.23, respectively. Other
parameters which are fract_u_re spa_cing of 40Eﬁ f!r_agture width of 0.2 ft and fracture

permeability 0f*4,00,000 mD were kept constant. The performances of the four cases

were compared
production rate 0f.10,000 Mscf/D.

= : Is ‘Were simulated at a

Figure 5.20: Areal view of the simulation model with fracture half-length of 50 ft.
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o IIIIIIII
Figure 5.21: Area@wﬁhe simulati"Yn model with fracture half-length of 200 ft.
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Figure 5.23: Areal view of the simulation model with fracture half-length of 600 ft.
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Figures 5.24, 2.25 and Table 5.3 show that the time required to produce gas
significantly decreases as the fracture half-length increases. Gas and condensate
recovery increase as length of fracture half-length becomes larger. Length of fracture
half-length has small impact on g as recovery, but large impact on condensate
recovery. The cumulative con ensate pro ion for the case with fracture half-length

‘-. ‘
of 600 ft increases by 13.25% wh | C ‘l f: fracture case.

fect 0 Fr Half-Length

- "}‘;‘J /& t\\\i\

E .x ‘*m 2865
AN

Time, days

-
jUre’5:24~ProduCtion -Iengths.

U
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Cumulative Condensate Production
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Figure 5.25: Cumulative co eﬁsa "ﬁfJ or di nt fracture half-lengths.
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odels were run with seven fractures along the horizontal well of different fracture

widths: 0.02083, 0.05, 0.1 and 0.2 ft. Other parameters which are fracture spacing of
400 ft, fracture half-length of 600 ft, and fracture permeability of 100,000 mD were
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kept constant. Their performances were compared with that of non-fractured well.
The models were simulated at a production rate of 10,000 Mscf/D.
Figures 5.26, 5.27 and Table 5.4 show that the time required to produce gas

significantly decreases as the fracture width increases. Gas and condensate recovery

increase as fracture width becomes larg ture width has small impact on gas
recovery, but large impact of The cumulative condensate
production for the ca ~with_fract id mcreases by 13.25% when
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Figure5.27 : C

Cumulative Condensate Production, stb
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Gas Product-
Fracture condensate age . .
. recovery . . ion time
width factor oduction | increase (days)
(%) Y
No fracture 2 | 9401612 - 3,818
0.02083 7 | 9,498,543 ‘ J 6.65 3,497
0.05 0.4m . ,427ﬁ" 11.51 3,259
0.1 0474 9,656,074 2.71 403,611‘];' 12.40 3,044
0.2 0.477 ¢ 29,714,827 406,663 13.25 2,865

¢ o o/
WOk e Ry v
ermeability on well producti y varying fracture permeability from case to case.

Seven fractures were modeled with four different fracture permeabilities: 1,000,
10,000, 50,000 and 100,000 mD. The fracture spacing of 400 ft, fracture half-length

of 600 ft, and fracture width of 0.2 ft were kept constant. Their performances were




62

compared with that of non-fractured well. The models were simulated at a production
rate of 10,000 Mscf/D.

Figures 5.28, 5.29 and Table 5.5 show that the time required to produce gas
significantly decreases as the fracture permeability increases. Gas and condensate

recovery increase as fracture pe n ~ 1o s larger. Fracture permeability has

small impact on gas rect "-ﬁs W\ n condensate recovery. The

cumulative condensatep “"‘""-\ n for the ¢ acture permeability of 100,000

mD increases by 13. 2 en-compared with nen-fracture case.
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Cumulative Condensate Production, stb

Figure 5.29 : Cumulative co eﬁ§a§e_rpr 'ﬁn or di

Cumulative Condensate Production
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5.25 gect of number of fracture

QY

qvere modeled. Three simulation models Were run

fﬁ

3

QMR o

different numbers o

racture:

one, four and seven fractures, along the horizontal well. Fracture half-length of 600 ft,

fracture width of 0.2 ft and fracture permeability of 100,000 mD were kept constant.

Fractures were modeled at the middle of the horizontal well with constant fracture
spacing of 400 ft. Figures 5.30, 5.31 and 5.32 illustrate the simulation models. Their
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performances were compared with that of non-fractured well. The models were

simulated at a production rate of 10,000 Mscf/D.

Figure 5.31: Arealview of simulation model with four hydraulic fractures.




condensate recovery ncrease 5 number o] ffracture increases. Number of fracture has

small impact on gas /rec ery,__;but large .impact on condensate recovery. The
4 " F 4
cumulative condensa pr uction for the ;q‘?e with 7 fractures increases by 13.25%
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Figure 5.33: Production time for different numbers of fractures.
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Cumulative Condensate Production, stb
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In thls section, the objectivé is to study condensate saturation prefiles around

B TRSDIE N DR E:

permeability of 100,000 mD. Fracture conductivity is 166.67. Its result was compared

with that of non-fractured well. The models were simulated at a production rate of
10,000 Mscf/D.
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Figures 5.35 and 5.36 show condensate saturation profile at the end of
production for fractured well compared with non-fractured well away from the

wellbore in the y- and z- directions, respectively. It can be seen that condensate

saturation for fractured well decreases in both directions.

u_:" sate at Ii'.f,ﬁ,f,g'f direction
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Condensate Saturation in z-direction
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Figures 5.37 and 5,38 #%g}fh s ation profiles around non-
fractured and fractured II - :.'.*,:-_'Z ndensate saturation is scaled from 0
(blue) to 0.5 (red). As sho N i -’,. Figure condensate saturation profiles are

different for the two :_égr ﬁ, ". 1at hydraulic fracturing reduces

condensate saturati e in pressure drawdown.

The condensa l@f“:_ 1 Ik 1'."‘
This canEi ' ) esﬁ profiles as shown in
Figures 5.39 and'5.40. Pressure is scaled from 683.4 psia (bite) to 3505.8 psia (red).

For the fractured caﬁ.ﬂ wellbore grid hasipressure of 2252 psia after 208 days of
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Figure 5.37: Areal vi dgngq,Eé S5 Y raﬁon for the non-fractured case after 208
days of p uc'uor'h
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Figure 5.38: Areal view of condensate saturation for the fractured case after 208 days
of production.



Figure 5.40: Areal view of pressure profile for the fractured case after 208 days of

production.
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5.4 Economy Analysis

The simulation models in Section 5.2.5 which have different number of
fracture: one, four and seven fractures are selected for economy analysis. All three
cases have fracture half-length of 600 ft, fracture width of 0.2 ft and fracture
permeability of 100,000 mD. Fractures aresmodgled at the middle of the horizontal
well with constant fracture spacing of 400 ft. Fhe models are simulated at a constant
gas production rate of 10,000 Mscf/D. The results are compared with the non-
fractured case.

The econemy analysis'is used to compare among four cases: non-fractured
horizontal well, harizontal well with orlle, four and seven hydraulic fractures. The
results of different cases are presented fo ';brovide a margin of freedom in making
decision on how mamy fractures .in hbri;ontal well would provide optimum
productivity.

The hydraulic fracturing cost is a f:l:l'ncti__pn of type and cost of frac fluid and
proppant used, pumping cost, fixed cost to _cipver equipment hire and other expenses.
The cost is highly variable depending upon fécétijqn, equipment requirement, material
costs and pumping services avaitabtiity. —

For the current effori; the economy"'a'nraléysis in this study is based on the
following assumptjon.

1. Thecost is invested at the beginning of the project.

Fixed OPEX costs are 150 $/MMscf and 3 $/stb.
Fixed cost of production well equals to 5,000,000 $.

2

3

4, . Discount rate'is constant at 15%.

5. Gas/price equals to 7 $/MMbtu which equals to 7000 $/MMscf.

6. Qil price equals to 50 $/sth.

Z... For.one.fracture,.volume of proppantused-s 2,000 ft*. The cost of
proppant is assumedito.he 20, $/ft®

8. The hydraulic fracturing costs related to frac fluid, pumping and service
costs have been bundled and assigned as a cost of 5$/ft* of proppant
volume used.

9. The cost of equipment hire is assumed to be a fixed cost of 150,000 $.
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The estimated hydraulic fracturing costs for each case with proppant volume
used are shown in Table 5.7.

Table 5.7: Estimated hydraulic fracturing costs.

N
[ Proppant | Non-pronpa i
Number of Proppant '--1,&;;.\ hf Oppant| Equipment Total cost
fracture | VOIUMe :l‘ . cost )
L ish (D) — ($)

1 000"1~40,000%|  10,000°*"150,000 | 200,000
4 3000 _+160,000 | 40,000 |*150,000 | 350,000
T | _aoS 0| |\ 70000, %0000 | sc000
Annual sh fidw,/ / Qn mulative condensate
production, and NPV are ated 5.4 \ , A3, and 5.44, respectively.
The annual cash flow tables for all \. .8,5.9,5.10, and 5.11.
8
6 .
4 .
&
S
3%
=
3
=0
4
q)
-4

2
=
g

Year

—o—Non-fractured case —+—1 fracture —o—4 fractures —=—7 fractures

Figure 5.41: Annual cash flow.
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Net Present Value 7517 894
8,000,000 .

6,960,719

7,000,000 6,357,863

A/
ﬂ"ﬂ

5,000,000 +——

4,000,000 -

NPV, $

3,000,000 -

2,000,000

1,000,000

7 fractures

The success of hydraulic I'fﬂm“ "Isimeasured from value of the increase in
b n

cumulative gas and cond sa@cﬁe al come and the decrease of production
L B P
time. From the economic anaf?as:tha result be summarized as follows:
1.|' i =i L ] - A A
1. Figure 5.41 compare§=~srr1"r i §'h W of-different cases during a period of 11

nvestment cost and

om year 1 to 3, the

@e of higher gas and

condensate production as shown in Figures 5.42 and 5.43. The non-fractured

QUi (et weres

ecause gas production rates decline after high gas production at early time.

o\ AR 6L

four-fracture and seven-fracture cases have higher NPV than the non-fractured

seven-fraqt e ca

case.
3. From the figures above, the non-fractured, one-fracture, four-fracture and

seven-fracture cases have production time of 11, 10, 9 and 8 years,
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respectively. This highlights the fact that increasing number of fracture
significantly decreases production time.
4. The NPV and hydraulic fracturing cost trade-off helps designing optimum

number of fracture for a hydr acturing stimulation.

AULININTNEINS
AR TUNNINGAY
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Total
0 1 8 9 10 11
Annual Gas 0.000
Production (MMscf) 2.236 1.834 0.324 0.299 0.232 0.124 9.402
Annual Oil 0.000
Production (stb) 111,304.44 | 74,558.31 | 48,228.06 | 3! 3 11,755.22 | 8,239.00 | 6,277.72 | 2,230.25 | 359,089.19
Gas price r
($/MMscf) 7,000 7,000 7,000 r 7,000 7,000 7,000 7,000
Oil price
($/stb) 50 50 50 50 50 50
Revenue 0.000
(Million$) 5.581 0.590 0.414 0.316 0.112 18.020
Producer well cost
(Million$) 5.000 0.000 0.000 0.000 0.000 0.000 5.000
Total CAPEX
(Million$) 5.000 0.000 0.000 0.000 0.000 0.000 5.000
Fixed OPEX 0.000
(Million$) 0.334 0.035 0.025 0.019 0.007 1.079
Hydraulic fracturing 0.000
(Million$) 0.000 * 0.000 0.000 0.000 0.000 0.000
Total OPEX 0.000
(Million$) 0.334 0.035 0.025 0.019 0.007 1.079
Total expense
(Million$) 5.000 0.334 .0 0.035 0.025 0.019 0.007 6.079
Cash Flow
(Million$) -5.000 5.247 3.517 2 fGn 1.667 1.277 UO.QZZ 0.690 0.555 0.389 0.297 0.106 11.942
NPV (Million$) | 5.523 , Al

q

ARIAN TN INAE
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Table 5. flowsfor o@se.
Yea —
"- Total
0 1 2 8 9 10 11
Annual Gas 0.000 2.465 1.981 { ‘t‘ A.n 0.328 0.242 0.096 | 0.000 9.504
Production (MMscf)
Annual Oil 0.000 | 132,754.94 | 82,938.23 8180 - 24,396 8 10,342.00 | 6,128.50 | 2,739.22 | 0.000 | 381,093.28
Production (stb) j ‘
Gas price 7,000 7,000 7,000 000 4 00 7,000 7,000 7,000 -
($/MMscf) y 3 ;
Oil price 50 50 50 50 N o 50 50 50 -
($/sth) - _ :
Revenue 0.000 6.655 4.161 5764 .827; 0.519 0.308 0.138 | 0.000 19.121
(Million$) P
Producer well cost 5.000 0.000 0.000 .000 4 0.000 0.000 0.000 | 0.000 5.000
(Million$) A
Total CAPEX 5.000 0.000 0.000 0,000 0.000 |  0.000 |  0.000 [ 0.000 5.000
(Million$) —
Fixed OPEX 0.000 0.399 0.249 0154 | 01217 0.031 | 0018 | 0.008 | 0.000 1.145
(Million$) o
Hydraulic fracturing | 0.200 0.000 0.000 0.000 0.000 0.000 0.000 0.000 | 0.000 0.200
(Million$) \ -
Total OPEX 0.200 0.399 0.249 3 0.031 0.018 0.008 | 0.000 1.345
(Million$) = - -
Total expense 5.200 0.399 0.249 “ 154 | 0. 0.031 0.018 0.008 | 0.000 6.345
(Million$) \
Cash Flow -5.200 6.256 3.912 2.422 1.905 1.153 0.893 0.528 0.488 0.290 0.129 | 0.000 12.776
(Million$) [
NPV (Million$) 6.358 1 e |

AN TUUNINGAE
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Table 5.1 flows for f@ase.
| Ye "
., Total
0 1 2 L) oy 7 8 9 10 11
Annual Gas 0.000 2.775 2.201 e 0. .339 0.286 0.111 | 0.000 | 0.000 9.619
Production (MMscf) il = !
Annual Oil 0.000 152,694.19 | 91,058.01 ,399 8 ,-2‘ 9 4.34 | 6,890.00 | 3,159.79 | 0.000 | 0.000 | 393,338.13
Production (stb) j «-: - i i )
Gas price 7,000 7,000 7,000 ,00 00| 00 RSN 7,000 7,000 7,000 - -
($/MMscf) . ! !
Oil price 50 50 50 50 - -
($/stb)
Revenue 0.000 7.654 0.347 0.159 | 0.000 | 0.000 19.734
(Million$)
Producer well cost 5.000 0.000 0.000 0.000 | 0.000 | 0.000 5.000
(Million$)
Total CAPEX 5.000 0.000 0.000 0.000 | 0.000 | 0.000 5.000
(Million$)
Fixed OPEX 0.000 0.458 0.021 0.009 | 0.000 | 0.000 1.181
(Million$)
Hydraulic fracturing 0.350 0.000 0.000 0.000 | 0.000 | 0.000 0.350
(Million$)
Total OPEX 0.350 0.458 0.021 0.009 | 0.000 | 0.000 1531
(Million$)
Total expense 5.350 0.458 0.021 0.009 | 0.000 | 0.000 6.531
(Million$)
Cash Flow -5.350 7.196 0.326 0.149 | 0.000 | 0.000 13.203
(Million$)
NPV (Million$) 6.961
\l
©

ARIAN TN INAE
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Table 5.1 flow.for s@case.
| Year®. ™
i fN Total
0 1 2 AL 7 8 9 10 | 1
Annual Gas 0.000 3.010 2.26 1 0.314 0.202 | 0.000 | 0.000 | 0.000 9.715
Production (MMscf) . )
Annual Oil 0.000 169,677.86 | 100,674. 3,044 .-15-'1. 8, 532638 | 6,333.62 | 5,779.38 | 0.000 | 0.000 | 0.000 | 406,662.69
Production (stb) j -rz'.‘ . i h
Gas price 7,000 7,000 7,000 7 7,00 7,000 | 00 | . 7,000 7,000 - - -
($/MMscf) . A i
Oil price 50 50 50 e ";‘, 0 50 50 - - -
($/sth) \ o Pl ﬁ\
Revenue 0.000 8.505 5.050 634 ﬁsj; 31 769 0.319 0.290 | 0.000 | 0.000 | 0.000 20.401
(Million$) ‘ T e AW
Producer well cost 5.000 0.000 0.000 0.0 ijr_“, 0 0.0 0.000 0.000 | 0.000 | 0.000 | 0.000 5.000
(Million$) A - ’
Total CAPEX 5.000 0.000 0.000 0 ;.g’@mpj, M= 00 0.000 0.000 | 0.000 | 0.000 | 0.000 5.000
(Million$) e
Fixed OPEX 0.000 0.509 0.302 0.159 |« 0. 14 0.046 0.019 0.017 | 0.000 | 0.000 | 0.000 1.221
(Million$) ST s AV
Hydraulic fracturing | 0500 0.000 qt(& | 0.000 | 0.000 | 0.000 | 0.000 0.500
(Million$) :
Total OPEX 0.500 0.509 08074 0159 | 0.1 ‘ 0.017 | 0.000 | 0.000 | 0.000 1721
(Million$) -
Total expense 5.500 0.509 0.302|I 0.046 0.019 0.017 | 0.000 | 0.000 | 0.000 6.721
(Million$) o
Cash Flow -5.500 7.995 4.747 | 2.503 1.762 0.875 0.723 0.300 0.273 | 0.000 | 0.000 | 0.000 13.680
(Million$) " QJ
NPV(Million$) | 7.518 1 laLa2T
\‘
[{e]
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CHARPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Many horizontal-wells have been drilled in gas-eondensate, but a few of them
have been hydraulically fractured to i?nprove gas and condensate recovery. Also,
there are not many researches showing successful use of hydraulic fracturing for
horizontal wells in‘gas condensaie reservpirs.

Successful use of hydraulic fracturing requires reservoir simulation study
which incorporates .all available data.,t'b' Justify economic success. Reservoir
simulation in this thesis takes into accchmt}_alI important factors used in various
reviewed researches o accurately estimate;?esults.

Results found in this thesis gobtain Qia_pter_.understanding of effect of hydraulic
fracturing on gas and condensate recovery. _'I'I_his thesis also helps in planning the well
and designing the optimum: hydraulic fraE:-_t-Jréj-__to maximize gas and condensate
recovery and leads to the deeiston to perforrri.jhydraulic fracturing for horizontal
wells. = -

In this stddy, reservoir simulator is used as-a"tool"to fnvestigate productivity
improvement when horizontal well is hydraulic fractured. with different design
parameters.

Firstly, a non-fractured horizontal well in a low permeability gas condensate
reservoir.was simulated.-The effect of reservoir permeability was studied.

Secondly, ja ‘hydraulically fractured- horizontal  well was then modeled to
evaluate ‘the effects of fracture spacing, fracture half-length, fracture width, fracture
permeability.and number of.fractures an well.productivity.

Then;scondensate saturation profile for the hydraulically fractured horizontal
well was investigated.

Finally, economy analysis was performed in order to investigate the feasibility

of hydraulic fracturing project.



made:

81

From the simulation results for different cases, the following comments can be

In a low permeability gas condensate reservoir, a hydraulic fracturing
increases gas production rate. There is a plateau in the gas production rate for
a hydraulically fractured horizontal well compared to no plateau in the non-
fractured horizontal well.

Hydraulic fracturing reduces the pressure drawdown, leading to less
condensate dropout.near the ;vellbore and more condensate produced at
surface.

Cumulative™ gasproduciion sligptly increases in all fractured cases when
compared .i0 a nen-fractured horizontal well while cumulative condensate
production greatlysncreases in akk ﬁactured cases when compared to a non-
fractured.horizontal well. _ﬂ 2

All fracture design parameters: frajé}uré spacing, fracture half-length, fracture
width, fracture permeability and number of fractures have small impact on the
gas recovery increment. However, tﬁiey_'have significant impact on condensate
recovery increment. vy : 4
The amount of time re:quired to-produce’ éés and condensate from the reservoir
significantly reduces—as the fractdré'-"'spiécing decreases or any of these
parameters: fracture half-length, fracture width,—fraCture permeability and
number df fracture increases.

The NPV énd hydraulic fracturing cost trade-off helps designing optimum
number of fracture for hydraulic fracturing. 7

The results, can-be . used.as guideline to, optimize, the. hydraulic fracturing

design.for a horizantal well in gas condensate reservairs.
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6.2 Recommendations

The following points are recommendations for future study:

1. Nowadays tools do not adequately describe hydraulic fractures that are the key

width. However, real fractures
ation tools will improve our

ability to describe 6 ' ncrease understanding of

2. The full-field simulati ";_?.snu.Mmmwmmmm
productivi ,

3. Study of longitudi actured-ho \; hould be done to better
understa ' of “Tongittdina : | the performance of
horizontal w '

4. ECLIPSE hositional simulatio d be used to take into account
the change i 50

reservoir.

|
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