STRATEGIES FOR HYDRAULIC FRACTURING IN NATURALLY
FRACTURED SHALE GAS RESERVOIR

Ms. Duangkamon Jordnork

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Engineering Program in Petroleum Engineering
Department of Mining and Petroleum Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2013

UNARLBLAY LLWNﬂuamauummm&v&ﬂw% F519 L@ng ohy ]«2) r;lf@/ié?g@sluﬁmﬁmmwvﬁw (CUIR)

LﬂuLLWNﬂJ@N@ﬂJ@\‘iu’&ﬁ]L@W?J@Q’J'V]EI’WLLWLLﬁV]ZNEJ’]LW]’W\?UL’NW]G]QV]EI’W@EI

The abstract and full text of theses from the academic year 2011 in Chulalongkorn University |n!5L||MJaI!!L!Jl!JI¥w!U|R

are the thesis authors' files submitted through the Graduate School.



L o a a L= ] a a a
ﬂaq‘ﬂ‘ﬁﬁluﬂ'l‘i1/]']11ﬁﬂif]aﬂllﬂiﬂl‘ﬂ@'i\16],1!Ufﬂaﬂﬂﬂlﬂﬂﬂ]%ﬁiin%’lﬁiu’ﬁuﬂug’]ﬁlu

NUTLENAUTITUIIA

UNAIAWNUA IDAUDN

a a zfdy I 1 ' o a @ a
'JVI?JTL!Wu‘ﬁulﬂuﬁ?uﬁﬁﬂ‘u@ﬂﬂWiﬁﬂHWﬂTﬂﬁﬁﬂi;fﬁ'i‘lﬁmﬂgW?ﬁ?ﬂiiﬂﬂWﬁﬁiNﬁWUmm@
a a a =S a a =1 1 a =S
ﬁ1m13m13ﬁ3ﬂiiuﬂ1ﬁﬁlﬁﬂu ﬂ"lﬂ')"lﬂ’.lﬁ’.]ﬂﬁilllﬁﬂ@\Tlljl!ag'ln@lﬁmﬂll
a 4 a [y
AUSIAINTTUATNT ﬂW1aQﬂ§ﬂj3Jﬂ13ﬂEJWafJ
Umsdnw 2556

'd
fﬂ"lJﬁ‘I/]ﬁ"UE]Q‘QW]@Qﬂ‘jﬂflliJﬁTJVIEﬂaEJ



Thesis Title

By
Field of Study
Thesis Advisor

Thesis Co-advisor

STRATEGIES FOR HYDRAULIC FRACTURING IN
NATURALLY FRACTURED SHALE GAS RESERVOIR
Ms. Duangkamon Jordnork

Petroleum Engineering

Assistant Professor Jirawat Chewaroungroaj, Ph.D.

Kreangkrai Maneeintr, Ph.D.

Accepted by the Faculty of Engineering, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Master’s Degree

.................................... Dean of the Faculty of Engineering
(Professor Bundhit Eua-Arporn, Ph.D.)

THESIS COMMITTEE

................................... .Chairman

(Associate Professor Sarithdej Pathanasethpong)

................................... Thesis Advisor

(Assistant Professor Jirawat Chewaroungroaj, Ph.D.)

cereereenennens THESIS CO-Advisor
(Kreangkrai Maneeintr, Ph.D.)

v EXternal Examiner
(Siree Nasakul, Ph.D.)



° A a =]
AINNUA IDAUDN: ﬂﬁQﬂﬁiuﬂ15ﬂ7ll3ﬂiﬂaﬂllwiﬂﬁ]ﬂiﬁﬁluwﬁa\1ﬂﬂ!ﬂﬂﬁvv‘]ﬂ

s3sunAlufivAuaiuiiisesnsnaiusssued. (STRATEGIES FOR
HYDRAULIC FRACTURING IN NATURALLY FRACTURED SHALE
GAS RESERVOIR) o.#isnuineiiwuindn: naas.3sdan 31341501,

= a a Edl = aAa 4 9
a.mﬁﬂmmmuwmﬁm: @.ﬂi.LﬂiEJ\‘lulﬂi WUDUNT., 114 11U

(= a a a YR ds!
LLWZNﬂﬂLﬂUfn“]f‘ﬁ'i'ill%"lﬁi'l!ﬁl!ﬂl!ﬂ?ﬂulﬂﬂ\iﬂﬂﬂ’ﬂuﬁui%NTﬂﬂluiuﬂqﬁﬁTﬁﬂiiN
a = 4 A A o Y a g o (2
ﬂi@lilaﬂNLﬁ@Q%WﬂNﬂiN]mﬁWi@ﬂﬂl@ﬂfﬂ“]f‘ﬁ‘iill%1@]L1Ju%1u’)ulﬂﬂ AMNANHUSUDI
a A zé = = ] Y [ LY~ !d‘
wuﬂumumummamwﬂumwumuuE)EJmﬂslu@mmﬁ’smﬂuuﬂumw Glu‘vm
= @ a [} ] " v & 9 a o a A
nOuR Mas35uma aunse lvarunnurasnnmnunluvquadalusasimsnani

Y [ a Y o a a 3 ax 9 A Aq Yo [l
ﬂﬂﬂ]iuﬂ?ﬁlﬁiyﬁﬂﬁ]“]}ﬂ fﬂﬁ‘ﬂ']llé’lﬂ'iﬂﬁﬂllwﬁﬂlﬁ]ﬂi\?!f].h!’)‘ﬁﬂ”liﬂigﬁ]uﬂTiNﬁﬁVIGlslfﬂu@fJN

y 9
a o A

1 o 4 2 1 4
unsvarelutapiudafonisadesooneniioiusoan1ams Inavesmasssuaa Nl
A A Yoy a 9 a Y 49! A A o a
naunie I masssund lnarhunTungquaaa ldhsan vazmomudasimanaa

7 = ¥ a o a A A A
yalszaed lumsdAnpiaseiifenisesnuuunisi laasednusamesaiomiy
UszantnmmanaaTagldvgquaaauuunuiuen dulshinansznuaemswaauaz 14
= o L] Y [ = 9 a A
Anulunuudraoamasdninulszneudis sasmsu ldvesiuauaiu, ANuNguv0a
H Y
AUAUAI, 3285 NNTEHINT0OLEN, SIIUTeBIEN A3 19UuINMTh laasodn
2 9 @ @ o
urlsAeese,  HarAINNINvedIBsLen J1UUVNIIININTRLLENLATENTINITAATY
4 a a 1 a d
lalasmsuenvesriuduausaneglumsnyinmsiasizinnu
1 =] v 1w
VINHAMIANINUNANUNFUVBUHAIN N DT NaToaNIN LANYI18A5 17T

0w

Idvoaiulinanon1sHaAADUT 1IN S1UIUToLen T ITad 1A N UAULas T

2

Jaanuainselu

S

v o Jda 9 Y <3| o o o <3| o
ANV UNUDIYUTY mmmwmmiaﬂuﬂmﬂummJimmguazrﬂum

o w

Y 1 = 1 < F) a A | 1
ma”lwa"lmﬂuafnm @EJ'NUl‘JﬂﬁﬁJﬂ'J'lllﬂ'J'NGUENi@ﬂllﬂﬂﬂﬂ?ﬂ?ﬂﬂﬂg‘ﬂﬂﬂﬂﬂﬁu\icﬁﬂﬂ&’%\l

=

A a 3 9] A, Aa 4
aunsaumswan 1AnIu Masssumatamsonan lagegananuniiavessooen

a

9
' o o

Ay 9 Mmyeenuuumsii leasednusaneslunsal@nyimuniiviusesteniaiig

Re

1 1 a a a o a 1w
ﬂlullﬁgﬂiﬂuﬂ%}N"UE]Q‘iE]EJLLEJﬂidJW’ﬁ@ElNlﬂﬂGlE)“]J'iZﬁ“Vl‘ﬁﬂ1WﬂﬁNaﬁﬂW‘]ﬂ‘ﬁ‘j‘iNﬂﬂﬁﬁluuW’ﬁﬂﬂﬂ

s a a

INUNUHAUATU

a a = 1 ) = A d‘ aa
MAI AN samilosusuaz il Insaen AMYUDTDUTR...ooeiiiiiiiiieeecee,



# # 5371603821 MAJOR PETROLEUM ENGINEERING

KEYWORDS: SHALE GAS/HYDRAULIC FRACTURING
DUANGKAMON JORDNORK. STRATEGIES FOR HYDRAULIC
FRACTURING IN NATURALLY FRACTURED SHALE GAS
RESERVOIR. ADVISOR: ASST. PROF. JIRAWAT
CHEWAROUNGROAJ, Ph.D., CO-ADVISOR: KREANGKRAI
MANEEINTR, Ph.D., 114 pp.

Shale gas reservoirs have become more attractive for the petroleum industry
because of the huge amount of reserves. Nanodarcy permeability can be
characteristic of shale reservoirs. For this condition, natural gas does not flow
economically from the reservoir to the wellbore. Hydraulic fracturing is a common
stimulation approach to provide conductive paths through the reservoir so that the
gas is allowed to flow more easily hence gas productivity can be improved.

Therefore, the objective of this study is to design the hydraulic fracturing
strategies in order to improve gas productivity. A horizontal-wellbore production is
utilized and the effects of several parameters on the reservoir performance are
investigated. These parameters include reservoir porosity, reservoir permeability,
fracture spacing, number of fractures, and fracture width. Hydraulic fracturing
pattern and gas desorption are also included in sensitivity analysis.

The results of this study showed insignificant effect of reservoir porosity
but are greatly influenced by reservoir permeability. Increasing the number of
fractures can develop gas productivity significantly expressed in linear relationship.
Fracture width is another essential factor indicating gas flow ability. However,
there is certain point that fracture width cannot further enhance gas productivity.
Maximum gas productivity will then be reached at that point. Both the number of
fractures and fracture width are the important factors used to design hydraulic

fracturing strategies to achieve significant gas productivity improvement.
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CHAPTER I
INTRODUCTION

1.1 Background

Shale gas reservoirs have become more attractive for the petroleum industry
recently due to the increasing prices of gas and the advancement in oilfield
technologies [3]. Nanodarcy permeability can be characteristic of shale reservoirs.
The nanodarcy permeability means there will not be sufficient permeability to allow
natural gas to flow from the reservoir to the wellbore at an economic rate. Therefore,
there has been an emphasis on improving gas extraction from this type of reservoir
using hydraulic fracturing. Hydraulic fracturing is a common stimulation approach to
achieve economical gas production rates by providing a conductive path through the
reservoir which would otherwise have permeabilities measured in a nanodarcy range.
Without hydraulic fracturing in shale reservoirs, gas flow would be almost
impossible.

The hydraulic fracturing treatment aims to increase the stimulation reservoir
volume (SRV) and improve matrix connection so that gas can flow in the matrix and
eventually flow through the main created conductive paths towards the wellbore.

Therefore, the objectives of this study are to evaluate gas production
performance based on reservoir parameters and to obtain optimum hydraulic
fracturing strategies utilizing horizontal-wellbore production. In general cases,
hydraulic fracturing is typically propagating through existing fractures or natural
fractures as a result increasing in SRV which delivers significant improvement of gas
flow in the matrix rocks enhancing gas recovery factor.

Shale gas is an organic-rich shale formation which simultaneously is a source
rock and reservoir rock. Natural gas is stored in the pore space which can be varied
from 2-8% [10]. Some fractions of gas are adsorbed on the organic material or shale
surface which will then be released once the pressure declines. Generally, adsorbed
gas has some effects on gas productivity especially in late-time production when

reservoir pressure reaches a certain point which allows adsorbed gas to be liberated
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and acts as free gas. Shale permeability varies from tens to hundreds nano-darcy and
the typical thickness of the reservoir is 50 — 500ft [3] so it would be more beneficial
to produce the gas through horizontal well bore to obtain maximum contact volume
into the shale reservoir. In some cases, hydraulic fracturing in shale gas reservoirs
utilize low-viscosity fluid typically water as well as placing a small concentration of
proppants to promote the complexity and creating fracture network. The complexity
of fracture network is impacted by natural fractures. Therefore, it is not possible to
accurately predict the fractures growth. The only way to monitor fracture propagation
into the rock is the use of microseismic mapping. Microseismic mapping is now an
important tool to measure the size of the fracture network real-time providing a more
understanding of stimulation performance results in more effective hydraulic
fracturing design in future projects.

This study aims to obtain optimum hydraulic fracturing strategies in order to
improve gas productivity in naturally fractured shale gas reservoir. The results from
this study can be used as guide to optimize the hydraulic fracturing design in the most
effective way. A reservoir simulator, ECLIPSE100 is used to construct the reservoir
simulation model exhibiting production performance analysis based on various

reservoir parameters.

1.2 Objectives

1. To study gas production performance by accounting for the following
parameters;
e Reservoir porosity
e Reservoir permeability
e Presence of natural fractures
e Presence of induced fractures from hydraulic fracturing
e The effect of natural fracture width, number of fractures, fracture
spacing, and gas adsorption.
2. To determine optimum strategy in designing hydraulic fracturing based on

fracture width, fracture spacing, and number of fractures.



1.3 Outlines of Methodology

1. Study related published papers and gather necessarily input information
for reservoir simulation model.

2. Construct a base case of shale gas reservoir with the presence of natural
fractures.

3. Construct reservoir simulation models with altering interested parameters
in order to study the effect of reservoir properties include matrix
permeability and porosity, number of natural fractures and spacing, and
fracture width.

4. Vary hydraulic fracturing design based on number of fractures, spacing,
and fracture width. Analysis on each case in this study is performed
include;

e Production performance versus time.
e Pressure and saturation profile in the reservoir.

5. Discuss all results from simulation model on each case to define the
optimum strategy in designing hydraulic fracturing.

6. Perform sensitivity analysis to study the effect of matrix permeability,
hydraulic fracturing pattern, and gas adsorption.

7. Provide conclusions and recommendation for future study.

1.4 Review of Chapters

This report is divided into five chapters. The outlines of each chapter are
described below.

Chapter 1l elaborates related literature reviews studying on hydraulic
fracturing in shale gas reservoir which includes the background of rock mechanics,
modeling of shale gas reservoir simulations, and gas flow behavior. The studies show
the previous works done to improve gas production and demonstrate the successful
case studies of carefully design the hydraulic fracturing strategies.

Chapter 111 presents the detail of the related concepts and theories applied on

this study.
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Chapter 1V describes the reservoir simulation model and demonstrates the
processes of work.

Chapter V discusses the reservoir simulation base case results and evaluates
the effects of reservoir parameters include matrix porosity, matrix permeability,
number of fractures (also with different matrix permeabilities), fracture width (also
with different matrix permeabilities). This chapter elaborates the selection of the
optimum hydraulic fracturing strategy. Furthermore, sensitivity analysis is also
performed.

Chapter VI provides conclusions and recommendation for future study.



CHAPTER Il
LITERATURE REVIEWS

This chapter presents the detail of the previous studies which are related to
hydraulic fracturing in shale gas reservoir. It describes shale fracturing mechanism,
reservoir simulation model, and experimental model. Potential parameters that have
effects on production performance are discussed. This chapter is divided into three
parts, 1) Shale fracturing and rock mechanics 2) shale gas reservoir simulation models

3) gas flow behavior.

2.1 Shale Fracturing and Rock Mechanics

There are many paper publications evaluating on hydraulic fracturing in the
shale gas reservoir. The most challenge as such is hydraulic fracturing in shale
reservoir with the presence of natural fractures. Murphy and Fehler [1] pointed out
some specific behavior in shale gas application; first, microseismic mapping does not
show perfect matching of the bi-planar fractures or conventional fractures. Second,
shear slippage is more easily induced along natural fractures than inducing tensile
failure in the matrix and third, shear slippage can generate more branching and the
creation of a complex stimulation pattern.

In 2011, Nagel et al [2] extended a study of fluid injection into naturally
fractured shale using Discrete Element Model (DEM). The study aimed to investigate
the effect of stress orientation, fluid viscosity, and rock mechanics. They presented
the shear failure evaluation as a result of the creation of a hydraulic fracture as a
function of fracture length within two different fracture networks. The reservoir
simulations were modeled by accounting for fracture strength, different fracture
network orientation within the stress field, stress ratio (the ratio of the maximum
horizontal stress relative to minimum horizontal stress), Poisson’s ratio of the shale,
and Young’s modulus of the shale. They concluded that the degree of fracture shear
was directly linked to fracture friction angle. An importance factor which affected to

fracture stability was the orientation of the fracture network within the in-situ stress
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field. It appeared that stress ratio, Poisson’s ratio and Young’s modulus had a second
order effect on the shearing and the stimulation of the natural fracture system.

Moos [3] wrote a report regarding an improving shale gas production using
geomechanics. He reported that the relative magnitudes of the three principle stresses
and consequent orientation of the fracture defined the stress regime to be normal
faulting, strike slip faulting or reverse faulting. It is now generally accepted that the
horizontal stresses are highest relative to the vertical stress in a reverse faulting
regime and lowest relative to the vertical stress in a normal faulting regime. Hydraulic
fractures will be vertical and propagated in the direction of the greatest horizontal
stress in a strike-slip or normal faulting regime. In a reverse faulting stress regime in
which vertical stress is the minimum stress, fractures will be horizontal. Most but not
all, shale gas plays are in either a normal faulting or a strike-slip faulting regime. The
Barnett shale has very low horizontal stresses relative to the vertical stress.

In 2010, Potluri et al [4] presented the effect of the fractures interaction
between the natural fractures and the induced fractures from hydraulic fracturing.
They used the approach of Warpinski and Teufel [5] to evaluate the fracture
propagation that would occur after the hydraulic fractures intersect the existing
natural fractures. The study demonstrated the effect of differential stress, angle of
interaction, and fracture toughness for which dilation of natural fractures would occur.
The approach of Warpinski and Teufel was applied by the three possible modes of
propagation include

1. Crossing of the hydraulic fracturing on pre-existing occurs when normal
stress on natural fracture is high relative to the fracture toughness of the rock.

2. Dilation of the natural fracture then continuously propagates from the
natural fracture tip.

3. Dilation of the natural fracture then break out occurs from the natural
fracture.

The above scenarios were based on the horizontal stress contrast, the angle of
interaction, the fracture toughness and the pressure drop within the natural fractures.

In 2011, Zhou and Zue [6] performed the experiment of fracture interaction

between natural fractures and hydraulic fractures to observe fracture propagation
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behaviors derived from a series of tri-axial experiments. Three types of geometry
were observed in their tests. The first was a vertical dominating fracture with multiple
branches at high horizontal stress contrast, in this case the fracture propagate in a
preferred direction which is in the direction of maximum horizontal stress. The
second was radial net-fractures around wellbore at low horizontal stress contrast. The
third was partly vertical fracture (one wing) with random branches. From the results;
it could be concluded that the hydraulic fracture would propagate in the direction of
maximum horizontal stress with creating small branches from natural fracture
interaction.

Du et al [7] developed a modeling hydraulic fracturing induced fracture
networks in shale gas reservoir as a dual porosity system. This approach decoupled
complex reservoir characteristics and geomechanical factors from production
response. Microseismic responses were used to delineate stimulated volumes from
hydraulic fracturing treatment. The following procedures were used in their study to
obtain induced fracture network including 1. estimating an average fracture width for
an ideal network system based on rock mechanics and hydraulic fracturing treatment
pressure data 2. characterizing microseismic events intensity and/or natural fracture
intensity 3. establishing the relationship among hydraulic fracturing induced fracture
intensity, average fracture width and hydraulic fracturing treatment volume data 4.
calibrating microseismic intensity or natural fracture intensity to hydraulic fracturing
intensity 5. calculating dual porosity reservoir properties directly or create discrete
fracture network and upscale it to dual porosity model and then run reservoir
simulation. Their study presented the detail of uncertainty analysis and history
matching of production data for calibrating the model. The results of this study
illustrated the impact of rock mechanics, hydraulic fracturing and microseismic
parameters on cumulative gas production consist of Poisson’s ratio, fracture height,
pressure difference, shear modulus, fracture conductivity, water holding coefficient,

and microseismic intensity grid cell size.



2.2 Shale Gas Reservoir Simulation Models

Hydraulic Fracturing was first introduced in the late 1940s [8] and was first
used by Stanolind Oil company to a well in Grant County, Kansas [9] involving to
injected fluid at the sufficient pressure to overcome formation strength in order to
generated fractures. Hydraulic fracturing is now considered one of the most important
and enduring technologies ever developed in petroleum industry.

In 2009, Cipolla et al [10] developed reservoir models in shale gas reservoirs
using the production data histories from Barnett and Marcellus Shales to estimate
reservoir properties. They studied the effect of gas adsorption on gas productivity and
ultimate gas recovery in the shale reservoirs. Their paper observed the significant
change when closure stress distribution is increased could reduce fracture
conductivity; hence, significantly reducing ultimate gas recovery. According to their
simulation model, it could be drawn the conclusions that gas desorption is not a
significant component of production in many moderate to deep shale gas reservoir.
Even though the gas is adsorbed on the shale surface can make up the gas content up
to 40-50% of the original gas in place but to be able to retrieve the adsorbed gas is
limited to the ultra-tight matrix with the high bottom hole pressure. However, the
desorbed gas can be produce 5-15% of ultimate gas production during the later life of
the well. The effect from gas desorption showed similar results for both Barnett and
Marcellus Shale. Apparently closure stress distribution had more effect on gas
recovery for the Marcellus Shale which Young's modulus was much lower (softer
rock) than that of the Barnett Shale. The simulation model showed that with closure
stress included in the model could significantly reduce gas recovery in softer rock but
may not be evident in the initially 1-2 years of production life.

Freeman et al [11] studied production performance on tight reservoirs and
shale gas reservoir systems which accounted for ultra-tight matrix permeability,
hydraulically fractured horizontal wells, multi-porosity and permeability fields and
gas desorption which were relevant to this system. They examined various tight/shale
gas systems and determined the various flow regimes which progressively occurred

over time. They concluded that the pressure gradient was the main driving force for
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fluid flow. It rapidly lost its ability to contribute productivity to the fracture as it
moved away from the fracture. They also observed an effective no-flow boundary was
formed when the pressure transient from the individual fracture reached the pressure
transient of the adjacent fracture. Once the pressure transients were sufficiently
coincided, this could appear as a boundary-dominated flow regime feature in
production data analysis.

Mirzaei et al [12] developed a work flow for modeling and simulation of
hydraulic fractures in unconventional gas reservoir which combined discrete fracture
network (DFN) and unstructured fracture (UF) in order to improve the stimulation
design. They constructed two model methods in this study. First, simple method
which assumed fractures laid in the single plane of local grids placed around them.
The local grids were constructed in each stage of the treatment. Second, fracture
geometries were complex and unstructured grid model was used to evaluate both
effect of propped and unpropped hydraulic fracture using the well information from
Barnett shale play. For the simple model and unstructured model, they studied the
effect of adsorbed gas; fracture spacing and length, number fracture per stage,
conductivity and production performance which accounted for propped and
unpropped hydraulic fracturing. Their study discovered that the more reservoirs could
be effectively drained if the more complex hydraulic fractures could be created. That
could reduce the number of stages stimulation if high conductivity can be achieved.

Gong et al [13] created the discrete fracture model of natural and hydraulic
fractures in shale gas reservoirs by applying the geologic interpretation and micro-
seismic mapping to enable realistic modeling of hydraulic and pre-existing fracture
networks. The studied model used highly resolved unstructured grids building with
low, medium, and high density fractured constrained by micro-seismic mapping
results. Based on two months production history, it can simply match to the low
fracture density case. The studies parameters consisted of adsorption/desorption,
matrix-fracture transfer, non-Darcy effect and porosity and permeability. According
to the simulation results, they found that the highest fracture density case showed

declined simulated production became slower in the early-times but steeper in the
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later -times. Also the highly connected fracture network helped to maintain pressure
in the early stage; therefore, the gas desorption become less effective.

Uleberg et al [14] developed a numerical simulation for dual porosity, dual
permeability formulation for fractured reservoir. The study reviewed key physical
mechanisms and calculation methods for modeling of fluid flow in North Sea
fractured reservoirs. The main matrix fracture fluid exchanges and mechanisms
descriptions were gravity drainage, capillary imbibitions, and molecular diffusion.
From the study; it could be concluded that all major flow mechanisms and flow
processes must be incorporated in a model for fractured reservoirs. These included
gravity, capillary forces, gravity drainage, diffusion, capillary continuity and
refiltration. Also a multiple grid concept was recommended to improve the model for
sufficient detail in the calculation so that all these flow mechanisms were represented.

Aboaba et al [15] presented a new approach to determine the fracture
properties for multi-stage hydraulic fracturing in shale gas reservoir. The method
evaluated the history production data which include production rate and pressure data
for estimating the fracture half-length and reservoir permeability. The method first
converted variable rate-pressure data into equivalent constant-rate pressure drawdown
test and then pressure transient analysis techniques were applied for fracture

properties estimation.

2.3 Gas Flow Behavior

Sakhaee-Pour and Bryant [16] proposed an analysis of gas permeability in
shale reservoir by evaluating the effect of adsorbed layer of CH,4 and of gas slippage
at pore walls on the flow behavior in individual conduits of simple geometry and in
networks of such conduits. The effects of adsorption and slip depended on pressures
and on conduit diameters. The hydraulic conductance that determined gas flow
regimes was determined based on the Knudsen number (Kn) criterion. It was used to
distinguish flow regimes at micro and nanoscale. Knudsen number was defined as K,
= MA where A represents the mean free path of gas molecule and A represents the
length of the channel. The regime changed from continuum flow to discrete particles

as the Knudsen number increased. They analyzed the conductance of a single-sized
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throat to study the effects of adsorbed gas and slippage then built a network model to
evaluate these effects when the connected throats exhibited a distribution of sizes.
Their study could be concluded that the large pressure at initial shale gas reservoir
pressures, the effect of slip gas had no effect as the system was dominated by the
effect of the adsorbed layer. Slip would have an effect after longer period production
consequently the reservoir permeability was predicted to increase over the life of the
producing well.

In 2011, Cheng [17] analyzed pressure transient characteristics of
hydraulically fractured horizontal shale gas well. They investigated the pressure
transient characteristics responded under a number of factors and flow mechanisms
including matrix permeability, conductivity of hydraulic fractures, cluster spacing and
size/lenhanced permeability of stimulated zone. The study classified the flow regimes
into five flow regimes including Radial Flow/Linear Flow, Bilinear Flow, Inner
Linear Flow, Quasi-steady state flow and late time outer linear flow, respectively.
Each of which occurred for a different period of time. It was noticed that in the Quasi-
steady flow period, pressure interference between fractures were dominated when the
flow across the boundary between the inner and outer reservoirs started. It was worth
to note that due to the nature of ultralow permeability of shale matrix, the drainage
was unable to feel the outer no-flow boundary and therefore it would not develop
Boundary-Dominated-Flow over the life-time of the well. According to the simulation
results, the matrix permeability significantly affected to pressure transient especially
during the inner linear flow period. Fracture conductivity effected mostly at the early
times to pseudopressure derivative response but it effected on pseudopressure lasts
much longer as much as in the inner linear flow regime. Fracture spacing dictated
how long the inner linear flow lasts. It affected significantly to both pseudopressure
drop and derivative at both early and intermediate times.

Cinco-Ley and Samaniego [18] presented for analyzing pressure transient data
for finite conductivity vertical fracture. This method was based on the bilinear flow
theory, which considered transient linear flow in both fracture and formation. It
demonstrated that a graph of pw Vs ty, produced a straight line whose slope was

inversely proportional to he(ksbf)1,. Based on the material presented in this work, they
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concluded that transient flow behavior of a vertically fractured well may exhibited
four flow regimes a) fracture linear flow b) bilinear flow c) formation linear flow and
d) pseudo-radial flow.

After reviewing several previous studies, no work has been done on designing
the strategies of hydraulic fracturing in naturally fractured reservoir with accounting
for the combination of fracture width, spacing and number of fractures. The
motivation of this work is to gain an understanding of the parameters that have effects
on the gas production performance in order to provide an optimum hydraulic

fracturing design based on three parameters as stated.



CHAPTER Il
THEORY AND CONCEPT

This chapter elaborates fundamental of shale rock mechanics and shale rock
characterization based on rock stress, Young's modulus and Poisson's Ratio to gain an
understanding of shale fracturing mechanism as well as discusses the related theories
and concepts of hydraulic fracturing in tight gas reservoir, its flow behaviors in the
ultra-low permeability system, and parameters those have effects to shale gas
production such as fracture conductivity, fracture width, fracture half length, fracture
spacing, adsorbed gas concentration, closure stress and stimulated reservoir volume as
well as multi-stage hydraulic fracturing. Gas production efficiency is described in this
section as this factor will be used as a technical judgment to specify the hydraulic

fracturing optimum design.

3.1 Shale Rock Mechanics

An improved understanding of hydraulic fracture geometry and shale rock
mechanics enables reservoir engineering teams to improve stimulation performance,
well productivity, and hydrocarbon recovery. Many researchers have been studying
hydraulic fracture propagation in the presence of natural fractures. As stated in
Economides and Martin [19] “Fractures will always propagate along the path of least
resistance. In a three-dimensional stress regime, a fracture will propagate so as to
avoid the greatest stress and will create width in a direction that requires the least
force. This means that a fracture will propagate parallel to the greatest principal stress
and perpendicular to the plane of the least principle stress. This is a fundamental
principle; therefore, the key to understanding fracture orientation is to understand the
stress regime”. In general applications where the reservoir is deeper than 1,000ft
which the maximum principle stress will be likely in the vertical direction as the rock
stress relies on the overburden stress, the fracture will be in vertical direction. For
some shallow reservoirs or in reverse fault regimes, the fracture can be in horizontal

direction since the minimum stress is horizontal. The azimuth orientation of the
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vertical fracture depends on the differential stress between the minimum and

maximum horizontal stresses.

3.1.1 Vertical Stress
The absolute vertical stress, ov, is the weight of overburden above that point
per unit area; the typical unit is in pounds per square inch (psi) which is a function of

density of rock and the vertical depth. The equation is expressed by [20]

oy = pgH (3.2)
where p is the density of the formations (Ib/ft3)
g is the acceleration due to gravity

H is the thickness or depth

In a porous medium, not only weight of rocks that are carried but it is actually

included the fluid within pore space therefore an effective stress (') is expressed by

GV' =0Oy— ap (32)
where o is Biot’s poroelastic constant (dimensionless),
p is pore (reservoir) pressure (psi).

3.1.2 Horizontal Stress

The vertical stress is translated horizontally through Poisson’s ratio (v) [21]
o' = (V/(1-v)) o/ (3.3)
where oH' is effective horizontal stress (psi).

The absolute horizontal stress is defined by adding the ap term to the effective
horizontal stress. Due to tectonic components, the horizontal plane stress varies with
direction. The above equation defined minimum horizontal stress; the maximum
horizontal stress is

Onmax = OHmin T Otect (3.4)

where owct IS tectonic stress contribution (psi)



15

3.1.3 Fracture Geometry
For simplicity, classical bi-wing fracture geometry is applied onto this study as
the injected fluid flow along the perforation channels, the fractures extend away from

the horizontal wellbore. Figure 3.1 shows bi-wing fracture geometry.

Horizontal Drilling with a Few Single Fracs

Figure 3.1 Horizontal drilling with a few single fracs
In general, hydraulic fracturing treatment, a horizontal well is drilled along the
minimum horizontal stress direction in order to generate transverse fractures to obtain
the maximum contact inside the shale reservoir as a result the higher gas production

rate can be achieved. Figure 3.2 depicts transverse and longitudinal fractures.

Wellbore azimuth 90°
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Figure 3.2 Fracture developments as function of wellbore orientation
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3.1.4 Effect of Natural Fracture on Hydraulic Fracture
Propagation

Experimental investigations have shown the propagation of hydraulic
fracturing which sometime it crosses the natural fracture, turns into the natural
fracture, or in some cases turns into the natural fracture for a short distance, and then
breaks out again to propagate in the more favorable direction. Application of fracture
interaction can be defined as the following possible interaction criterions [4];

If the pressure in the propagating hydraulic fracture is greater than the normal
stress on the natural fracture, the natural fracture will immediately expand. As the
natural fracture opens, the pressure in the natural fracture will increase. As the
pressure in the natural fracture increases, three modes of fracture growth can possibly
occur as follows;

a) The pressure at the interaction point exceeds the threshold pressure to
initiate a fracture along the original path of the propagating hydraulic fracture, hence
hydraulic fracture crosses natural fracture can be a result;

Pi(t) > o3 + To,i.

dilated
natural fracture

—
p(ty=a 4T,

propagating
hydraulic fracture

Figure 3.3 Hydraulic fracture crosses natural fracture
b) The pressure at one of the tips of the natural fracture exceeds the net
pressure required to begin propagating from the natural fracture tip, hydraulic fracture

extends natural fracture tip;



17

Pi(t) > on + To tip+ APnf

dilated

natural fracture
propagating .
hydraulic fracture propagating from

natural fracture
pnp::acrj_-rn'u&

Figure 3.4 Hydraulic fracture propagates

from the tip of natural fracture

c) The pressure somewhere in the natural fracture is high enough to overcome
the local fracture toughness and the fracture breaks out of the natural fracture

somewhere between the interaction point and fracture tip.

To1 < Toi- Api
dilated
natural fracture
rersrer o,
To.e‘:ro.l_ﬂ‘pe
propagating
hydraulic fracture propagating from

natural fracture

Figure 3.5 Hydraulic fracture propagates from

weak point along natural fracture

3.1.5 Shale Characterization
It is important to note before a stimulation treatment can be designed for shale
reservoir is to aware of shale brittleness. The concept of rock brittleness combines

both Poisson's ratio and Young's modulus. These two components are indicating the
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rock's ability to fail under stress (Poisson's ratio) and maintain a fracture (Young's
modulus). Even though, ductile shale is not a good reservoir because the formation
will want to heal any natural or hydraulic fractures; there are still some areas that
shale have this characteristic such as Haynesville shale which Shale is “soft” with a
low Young’s Modulus and higher Poisson’s Ratio. Figure 3.6 shows an example of
calculating brittleness from Poisson's ratio and Young's modulus. The concept is that
the ductile shale points fall to the north-east quadrant, and the more brittle shale fall to

the south-west quadrant.
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Figure 3.6 Cross Plot of Young's modulus and Poisson's Ratio

Fracture Model Assumptions Based on Shale Rock Mechanics

In this work, the assumptions applied on the reservoir simulation model are as
follows;

1) Shale reservoir in-situ stress is homogeneous which means the stress regime
is evenly distributed within the shale reservoir.

2) Fractures occur in the vertical direction assuming the maximum stress is in
the vertical direction. Providing the top of reservoir is at 8,000ft, the maximum stress

mostly relies on overburden pressure.
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3) Induced hydraulic fracturing reactivates the natural fracture in the direction
of an existing maximum stress or no in-situ stress changes after hydraulic fracturing is
conducted.

4) Existing natural fracture height and half-length are extended for entire
reservoir thickness and length so the hydraulic fracturing is propagating throughout
the reservoir thickness and length.

5) A horizontal well is drilled along the minimum stress regime so the
hydraulic fracturing initiated is transverse fracture.

6) Fracture width is assumed to be constant from the top throughout the
bottom of the reservoir.

7) Ductile shale is assumed in this study so the bi-wing hydraulic fracturing is

initiated.

3.2 Hydraulic Fracturing in Tight Gas Reservoirs

The hydraulic fracturing is the most common stimulation method that has been
applied on ultra-low permeability formation. Its permeability is measured in nano-
darcy range especially in shale gas formation where pores irregularly distributed
throughout reservoir which has poor connection by very narrow capillaries. Since the
permeability in this formation is too low for economically production therefore
hydraulic fracturing treatment is needed to create the passageways through the
reservoir in order to increase connectivity and for better communication between
reservoir and production well in order to increase gas production rates. Hydraulic
fracturing begins by injecting a large volume of a suitable fluid at a pressure
exceeding the tensile strength of rock. Fracturing of formation matrix has initiated
along a plane perpendicular to the minimum compressive stress (minimum principle
stress). Fluid has been continuously injected until the fractures are open enough to
accept proppants. Proppants then are added to keep the fractures open when the pump
stops and pressure reduces.

In shale gas system, many complexities are much more than hydraulic
fracturing in tight sand due to the unique characteristic of shale. This kind of reservoir

has unique properties which are;
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1) Nanodarcy matrix permeability, which makes flow almost impossible.

2) Narrow, calcite-sealed natural fractures reactivated during hydraulic
fracturing, which is reducing fluid flow capability.

3) Complex fracture network distributions because of the presence of both
natural and hydraulic fractures.

4) Adsorbed gas in organic materials, making up nearly 50% of the gas
content in some shale gas reservoirs

Figure 3.7 illustrates processes of hydraulic fracturing in tight gas reservoir.

Figure 3.7 Process Specification in Hydraulically

Fractured Wells in Tight Gas Reservoir [18]

3.3 Gas Flow Behaviors

Studies of gas flow regime in shale reservoir have been appeared on many
published papers. Cinco-Ley et al [22] identified four flow regimes for gas flow in
shale reservoir; four flow regimes are 1) Fracture linear flow, 2) bilinear flow, 3)
Linear flow in the formation and 4) Pseudo-Radial flow. Fracture linear flows take
place relatively short period of time, most of the fluids entering the wellbore come
from fluid expansion in the fracture. The flow regime is linear; it may be dominated
by well bore storage effects. Bilinear flow will be developed only in finite-
conductivity fractures as fluid in the surrounding formation flows linearly into the

fracture and into the well bore. Finite-conductivity can be defined as the fractures
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with significant pressure drop along its axis. Linear flow in the formation is evolved
afterward. Duration of formation linear flow increases with higher fracture
conductivities, mostly the fluid come from the formation. Pseudo-radial flow occurs
after a sufficiently long production period. The fractures appear to the reservoir as an
expanded well bore. Drainage area appears around fracture length and gas flow
radically through the drainage area. Figure 3.8 illustrates the four flow regimes of gas

flow into the hydraulic fractured well.
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a) Linear Flow in The Fracture ¢) Linear Flow in The Formation
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b) Bilinear Flow d ) Pseudo-Radial Flow

Figure 3.8 Fracture Flow Regime Cinco-Ley et al [22]

3.4 Parameters Effect on Gas Production

Parameters that have effects on gas production in hydraulic fracturing in shale

gas well are discussed in this section.

3.4.1 Fracture Conductivity

Fracture conductivity is a key parameter in hydraulic fracturing and represents
the ability to transmit the fluid from the fracture to production well. The
dimensionless conductivity Crp is a function of fracture permeability, fracture width,
matrix permeability, and fracture half length.

Dimensionless fracture conductivity can be defined as
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_ Fyw
Crp = o (3.5)

The fracture conductivity may be increased by enlarging the propped fracture
width by using high proppant concentration. In this model, the fracture half-length is
constant and is equal to reservoir half-length; therefore, fracture conductivity

corresponds to variable fracture width.

where ks is fracture permeability
w is fracture width
k is matrix permeability
Xt is fracture half length

In this model, because the fracture half-length is constant and is equal to
reservoir half length; fracture permeability is corresponded to fracture width therefore

the fracture conductivity is solely based on fracture width.

3.4.1.1 Fracture Width

Fracture width is the perpendicular width of an open fracture. The fracture
width corresponds to fracture permeability and fracture conductivity. However, this
definition does not take into account of fracture roughness, gouge, degree of mineral
infill and lateral continuity. For these reasons, it is difficult to accurately determine a
fracture aperture within a rock body. Typical hydraulic fracture width is 3.00mm
which the proppant size of 30/50 mesh would be used [30]. Fracture permeability is
defined by using a cubic function of the fracture half-width [11] which is given by

ky = — b3 (3.6)
where b is fracture half-width, mm
ks is effective fracture permeability, m?

3.4.1.2 Fracture Half Length

Fracture half-length is defined as a radial distance from the wellbore to the
outer tip of a fracture penetrated by the well or propagated from the well by hydraulic
fracturing. Fracture half-length is individually developed as each treatment further
progressed. As seen in Figure 3.9, the total fracture network system continued to grow

as the fluid pumped volume increases.
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Figure 3.9 Relationship of total fracture network length

corresponds to fluid volume pumped [25]

3.4.2 Fracture Spacing

Fracture spacing is one of the key factors in hydraulic fracturing optimization
design. When hydraulic fractures are close to each other, a small reservoir area is in
contact with the hydraulic fractures. If the spacing is increased, more contact surface
within the reservoir will be a result and gas will be drained more effectively.
Increasing fracture spacing can bring more reservoir matrix into contact with
fractures, leading to earlier production and much improved gas recovery. Figure 3.10
shows the effect of fracture spacing on gas drainage area.

Dresigin 1 Dhesign 2

Figure 3.10 Gas drainage correspond to fracture spacing [12]



24

3.4.3 Number of Fractures

It is important to note that a higher number of fractures would develop the gas
productivity in ultra-tight gas shale as it represents more flow channels are created,
penetrating through the rock and increasing surface contact in the shale reservoir. In
other words, this increases the stimulated reservoir volume (SRV) result in improve

productivity.

3.4.4 Closure Stress

The impact of increasing closure stress on hydraulic fracture conductivity has
been brought into more attention to many researchers recently. There is a likelihood
that large stimulation treatment may be un-propped or ineffectively propped [3].
Fredd et al [28] investigated the effect of closure stress on un-propped and partially
propped fracture conductivity to evaluate stress sensitivity. Figure 3.11 shows an
estimation of the impact of closure stress on un-propped fracture conductivity,

illustrating the dramatic decreases in fracture conductivity when closure stress

increases.
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Figure 3.11 Effect of closure stress un-propped fracture conductivity [10]

3.4.5 Stimulated Reservoir Volume
Stimulated Reservoir VVolume defines 3D size of created fracture network in
the reservoir. This factor is a direct driver of well performance [32]. Figure 3.12

represents the effect of SRV on the production performance. It appears in the work of
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Cipolla [10] that the SRV is generated as a result of the complexity and conductivity
of the fracture network which are the key components that control well productivity in
shale gas reservoirs. With respect to the limitation of constructing the complexity, the
investigation of multi-stage bi-wing hydraulic fracture is examined. Therefore,
stimulated reservoir volume in this study is a function of fracture width, fracture half
length, and fracture height.

J-year Cum Prod (MMscf)

|
1
|
|
|

L |

K
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Figure 3.12 SRV trend vs cumulative horizontal-well production [32]

3.4.6 Adsorbed Gas

Gas is stored in shale in three different ways. Some of the gas is held in
natural fractures; some in the pore spaces; and some are adsorbed onto the organic
material. The gas in the fractures is produced immediately, and gas adsorbed onto
organic material is released as the formation pressure declines. Gas is usually
generated in place from shale with high total organic carbon content. The Langmuir
isotherm is used to specify the amount of stored gas in the matrix in a range of
reservoir pressure. The maximum storage capacity for gas is referred to as the
Langmuir volume constant and the pressure corresponding to one-half this value is
referred to as the Langmuir pressure constant [12]. The example of desorbed gas in
relation to pressure schematically shows in Figure 3.13 for the two shale types, rich

and lean shale.
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Figure 3.13 Langmuir Isotherm for gas adsorption [12]

The diffusive flow of gas from the shale matrix is given by [27]:

F, = DIFFMF X D, X (GCp — GC;) (3.7)
where Fq is gas flow
DIFFMF is matrix-fracture diffusivity
Dc is diffusion coefficient
GCy is bulk gas concentration
GCs is surface gas concentration

3.5 Production Efficiency

Production efficiency is defined as the ratio of the amount of output relative to
the amount of input. The production efficiency can be used to show improvement area
in a technical aspect.

The change of input is defined as the enhancement of stimulated reservoir
volume (SRV). The change of output can be expressed as the improvement of gas

recovery factor. Therefore production efficiency can be defined as;

Improved Gas Recovery Factor
Improved Stimulated Reservoir Volume

Production Efficiency =

(3.8)
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In this model, four parameters as described above are investigated to
understand their effects on the gas production performance; these parameters include
fracture width, fracture spacing, number of fracture, and gas adsorption. The closure
stress and stress heterogeneity are also important factors. However, there is the
limitation of the available reservoir information so it is unable to construct the

completed model based on these factors.



CHAPTER IV
RESERVOIR SIMULATION MODEL

The reservoir model is constructed using ECLIPSE100 simulation software to
analyze gas production performance. This chapter is divided into four main sections
which consist of reservoir grid, fluid properties section, SCAL section and well model
section. These four sections detail on processes of constructing the reservoir
simulation model. The reservoir grid section elaborates grid geometry as well as
specifies porosity and permeability. The fluid property section describes gas
properties and initial reservoir conditions. The SCAL section provides a data table
showing relative permeability generated by the simulation software. The last section,

well model explains the details of constructing a horizontal well.

4.1 Reservoir Grid

4.1.1 Gridding
The reservoir grid is 65 x 65 x 11 with the total dimensions of 50ft x 20ft x

10ft in the x-, y- and z- direction, respectively. The reservoir is built by using
Cartesian grid block with two phase fluids consisting of water and gas. The top of
reservoir is at 8,000ft depth with the total thickness of 110ft. The horizontal well is
placed in the middle of z-layer as well as in the middle of both x- and y- direction.
Table 4.1 lists the reservoir properties which are input in the base case of the reservoir
simulation model.

Table 4.1 Reservoir properties

Parameter Value
Top of reservoir, ft 8,000
. 65 x 65x11
Reservoir grid
50ftx20ftx10ft
Reference reservoir pressure, psi 3,500
Net pay, ft 110

Porosity, % 8
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Matrix permeability, mD 0.0002
Water saturation, % 30
Reservoir temperature, °F 260

Horizontal length, ft 3,050
Well bore diameter, inches 6 Y2
Tubing size, inches 3%
Tubing head pressure, psi 450

4.1.2 Local Grid Refinement (LGR)

The local grid refinement (LGR) is used in this model to enhance grid
definition near the well bore and the fractures for accurate calculation. This is to
allow individually specify the reservoir properties in the local grid blocks. Grid blocks
those represent the fractures are replaced by a number of the small grid blocks with
variable sizes as well as reservoir properties. In this case study, the local grid blocks
are assigned with the fracture properties consisting of fracture permeability and

porosity.

4.1.2.1 Wellbore LGR

At the grid blocks laid by the well bore are replaced with the local grids. It is
virtually useful for hydraulic fracturing model as it is necessary to concentrate the
changes in pressure profile and gas saturation around the well bore.

To simply construct the reservoir model, the number of parent grid for X, Y
and Z axis is defined as an odd number; 65, 65 and 11 grid blocks, respectively. It
allows the horizontal well to be placed in the middle of the reservoir layer; at
coordinate’s 1-33, J-33 and K-6 along the X-axis. In this model, 9 LGRs are placed in
the parent grid blocks those represented the well bore. The length of 50ft parent grid
is refined equally into 9 grid blocks providing the grid size of 50/9ft. Table 4.2

represents wellbore local grid refinement defines on each coordinate.
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Table 4.2 Horizontal well local grid refinement

Coordinate Number of refined grid cell
LGR Name
| J K X Y z
HZ WELL 3-63 | 33 6 | 549 (61x9) 9 9

4.1.2.2 Fracture LGR

In this study, fractures are constructed based on Herge [25] suggested to
specify small grid cell near fractures and gradually increase the size away from the
fracture. In this model, 9 local grids are placed into the parent grid that represents
fractures and modified logarithm grid size is used. For the base case, fracture width is
0.0001ft (0.03mm) hence the 50-ft parent grids are refined into small size local grid
cells. The lengths of the local grid cell are 0.0001ft (fracture grid), 0.00995ft, 0.09ft,
0.9ft and 24ft in the x-axes outward to the border grid for both wings. In this model, 9
LGRs are selected because it gives an acceptable run time and reasonable result.
Figure 4.1 illustrates number of LGR grids comparison. Table 4.3 represents local
grid refinement for 7 LGR, 9LGR, 11LGR and 13 LGR respectively.

o0

7LGR

____9LGR
11LGR

_ 13LGR

B

FEPR  MSCF/DAY

LA N N L L N N [N U N N N [N N B L N O [N B B B
1000 2000 3000 4000 5000 6000 Foao 8000

TIME D&YS

Figure 4.1 Number of LGR grid comparisons




Table 4.3 Sizes of locally refined fracture grid blocks for fractures
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No. Local Grid Size (ft)

LGR | L#1 | L#2 | L#3 | L#4 | L#5 L#6 L#7 L#8 L#9 | L#10 | L#11 | L#12 | L#13
7 24.9 | 0.09 | 0.00995 | 0.0001 | 0.00995 | 0.09 | 24.9

9 24 | 0.9 | 0.09 | 0.00995 | 0.0001 | 0.00995 | 0.09 | 0.9 24

11 15 9 | 0.9 |0.09|0.00995 | 0.0001 | 0.00995 | 0.09 | 0.9 9 15

13 | 75|75 ] 9 | 0.9 |0.09|0.00995 | 0.0001 | 0.00995 | 0.09 | 0.9 9 7.5 7.5

Figure 4.2 through Figure 4.5 show the areal grid view for fracture girds, areal

view for the middle reservoir layer illustrating wellbore grid structure, magnified

fracture grid, and 3D grid of the reservoir model, respectively.

0.14854

Figure 4.2 Areal view of the reservoir model with ten natural fractures
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Figure 4.3 Areal view of the reservoir model at

the middle layer showing wellbore grid structure

Fracture grid is
in the middle

Figure 4.5 Side view of the reservoir model
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Figure 4.6 3D view with transparent grid of the reservoir model

4.2 Fluid Properties Section

In this model, the reservoir temperature is constant of 260 °F. PVT properties
are generated by ECLIPSE using keywords PVTW and PVDG which represent the
properties of water and that of dry gas, respectively. The tables 4.4 and 4.5 present the
PVTW and PVDG properties. Table 4.6 shows fluid densities and rock properties

calculated by the ECLIPSE reservoir simulator.

Table 4.4 Water PVT properties

Properties Value
Reference pressure, psi 3,500
Water FVF at the reference pressure, rb/sth 1.045
Water compressibility, psi” 3.53x10°
Water viscosity at the reference pressure, cP 0.225




Table 4.5 Dry gas properties
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Gas phase pressure (psia) Gas FVF (rb/Mscf) Gas viscosity (cP)

14.7000 245.5998 0.0142
224.4526 15.8915 0.0143
434.2053 8.1219 0.0146
643.9579 5.4190 0.0148
853.7105 4.0486 0.0151
1063.4630 3.2225 0.0155
1273.2160 2.6720 0.0159
1482.9680 2.2803 0.0163
1692.7210 1.9885 0.0167
1902.4740 1.7638 0.0172
2112.2260 1.5861 0.0177
2321.9790 1.4428 0.0183
2531.7320 1.3253 0.0188
2741.4840 1.2277 0.0194
2951.2370 1.1455 0.0200
3160.9890 1.0757 0.0206
3370.7420 1.0159 0.0212
3590.2510 0.9620 0.0219
3790.2470 0.9192 0.0225
4000.0000 0.8798 0.0231
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Table 4.6 Fluid densities and rock properties

Parameter Value
Oil density, Ib/ft® 49.999
Fluid densities at surface i .
- Water density, Ib/ft 62.428
conditions i .
Gas density, Ib/ft 0.0436
) Reference Pressure, psia 3500
Rock properties __ - .
Rock compressibility, psi’ 6.654 x 10°

4.3 SCAL (Special Core Analysis) Section

The gas and water saturation function is illustrated in Table 4.7. This model is
built with two phase fluids consisting of water and gas. Two types of relative
permeability, kyq and k, are used; ki is gas relative permeability and k., is water
relative permeability. The data is generated by ECLIPSE simulator using Corey

correlation.

Table 4.7 Gas/water saturation and gas/water relative permeability

Sw Krw Sy Krg
0.3000 0.0000 0.0000 0.0000
0.3700 0.0001 0.0700 0.0010
0.4400 0.0016 0.1400 0.0080
0.5100 0.0081 0.2100 0.0270
0.5800 0.0256 0.2800 0.0640
0.6500 0.0625 0.3500 0.1250
0.7200 0.1296 0.4200 0.2160
0.7900 0.2401 0.4900 0.3430
0.8600 0.4096 0.5600 0.5120
0.9300 0.6561 0.6300 0.7290
1.0000 1.0000 0.7000 1.0000
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Figure 4.7 Gas relative permeability versus gas saturation
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Figure 4.8 Water relative permeability versus water saturation
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4.4 \Well Model

In this model study, a production horizontal well is constructed using a well
diameter of 6 % inches and is located at the depth of 8,055ft. The length of the
horizontal well is 3,050ft. 3% inches production tubing is run into the production
zone. In this well model, tubing head pressure is defined at 450 psi. Pressure losses
along the tubing string are calculated using VFP table. The VFP table offers the most
flexible, and potentially the most accurate, means of determining the pressure drop
across each segment. In this study, it uses a PROSPER software [26] to generate the
VFP table.

Multi-Segment well function is utilized in this study. Multi-Segment Well
function provides a detailed description of fluid flow in the well bore. The facility is
specifically designed for horizontal and multi-lateral wells; this case is used in the
horizontal well. The detailed description of the fluid flow conditions within the well is
obtained by dividing the well bore into a number of 1-dimentional segments.

There are four variables per segment which are the fluid pressure, the total
flow rate, the flowing fractions of water and gas. Each segment describes the local
fluid conditions. In this model, open hole production is used. The variables within
each segment are evaluated by solving material balance equations for each phase or
component and a pressure drop equation that takes into account the local hydrostatic,
friction, acceleration pressure gradients. The pressure drop is calculated using
homogeneous flow model where all phases flow within the same velocity that allows

slip between the phases. Figure 4.9 shows the multi-segment well diagram.

Node at branch junction
@ Segment node

and BHP reference node

Figure 4.9 A multi-segment well



RESULTS AND DISCUSSION

CHAPTER V

The base case is modeled with 10 natural fractures using the reservoir

properties as described in the chapter IV. Succeeding that, reservoir performance is

evaluated by accounting for the following parameters.

e Matrix porosities

e Matrix permeabilities

e Number of fractures (also with minimum and maximum matrix

permeability)

e Fracture widths (also with minimum and maximum matrix permeability)

Each case study reveals reservoir performance versus time, reservoir pressure

and gas saturation profile in the reservoir. The objective is to examine the effects of

each parameter on gas productivity in order to understand production performance of

shale gas reservoir. Production period is set at 20 years as shale gas production rate

drastically declines in early-time then gradually decrease and eventually is stable in

later-time. Therefore, observing 20 years production is sufficient for hydraulic

fracturing strategy assessment. Table 5.1 shows the reservoir parameter variations

applied on this study.

Table 5.1 Variable parameters used in the reservoir simulation models

Parameter Value
Matrix Porosity
4 8 12
(%)
Matrix
- 0.00007 | 0.0001 | 0.0002 | 0.0003 | 0.0004 | 0.0005
Permeability (mD)
Number of
10 20 30 60
Fractures
Fracture Width
0.015 0.03 0.15 0.30 0.60 1.20 |2.40]| 3.00

(mm)
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5.1 Gas Production Performance Producing from Natural

Fractures

The base case is built utilizing a horizontal well bore production. The well is
drilled through the shale reservoir penetrating through natural fracture planes
perpendicular to the well bore. Gas reservoir is produced through 10 natural fractures.
A tubing head pressure is controlled at 450psi. Figure 5.1 illustrates the gas
production rate from 10 natural fractures with 0.0002mD matrix permeability, 8%
porosity, and 0.03mm natural fracture width. Gas production rate is initially produced
at 140 MSCF/day then quickly declines to 3 MSCF/day at the end of 2 years
production. Afterward, the production rate gradually decreases and is stable at 2.5
MSCF/day throughout 20 years production. Figure 5.2 illustrates cumulative gas
production showing a straight line after 2 years production. Gas recovery factor for
producing gas from natural fractures is 0.49% given the original gas in place (OGIP)
of 4.78 BSCF. Figures 5.3 and 5.4 represent reservoir pressure and gas saturation
profiles. Reservoir pressure almost remains unchanged throughout 20 years
production. The reservoir pressure drops from 3555psi to 3536psi which is only 19psi
depletion. Since reservoir fluid is modeled as dry gas, it is technically not affecting

much in terms of gas saturation change as gas expansion always occurs.
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Figure 5.4 Gas saturation at the end of production of the base case
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5.2 Effect of Reservoir Properties

This section investigates the effect of reservoir properties to assess gas
production performance. Two parameters are evaluated which are matrix porosity and
matrix permeability. The other input parameters are maintained constant same as in

the base case.

5.2.1 Matrix Porosity

Matrix porosity of 4%, 8%, and 12% are used in the reservoir simulation
model. Figures 5.5 and 5.6 represent gas production rate and cumulative gas
production for different porosities. The results apparently show insignificant effect on
gas production in the late-time but it affects in the first two years production. Higher
porosity seems to aid the production rate in early-time due to the larger gas storage in
the reservoir near the fractures. This gas is initially produced when the production
starts. Therefore, the higher gas production rate can be observed in the first two years
for the higher matrix porosity cases. Figure 5.7 shows reservoir pressure profile. The
pressure drop for higher porosity case is less than the lower porosity case. It can be
described that when the gas is being produced, the higher gas expansion occurs in the
higher storage or higher porosity cases thereby less pressure drop can be a result. This
concept can be applied on the gas saturation profiles show in Figures 5.8 through

5.10. Table 5.2 shows the summary of gas recovery factor for different porosities.
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Figure 5.8 Gas saturation profile for 4% porosity
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Figure 5.9 Gas saturation profile for 8% porosity (Base Case)

Figure 5.10 Gas saturation profile for 12% porosity

Table 5.2 Summary of gas recovery factor for
different matrix porosities at the end of production

) ] Cumulative Gas
Matrix Porosity OGIP ) Gas Recovery
Production
(%) (BSCF) Factor (%)
(BSCF)
4 2.39 0.0207 0.87
8 4.78 0.0235 0.49
12 7.17 0.0261 0.36
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Figure 5.11 Porosity and gas recovery factor relationship

From Table 5.2, cumulative gas productions for all three cases are
0.0207BSCF, 0.0235BSCF and 0.0261BSCF for matrix porosity of 4%, 8% and 12%,
respectively. With respect to similarity of gas productivity indicates that porosity does
not have much effect on production performance. Figure 5.11 shows the relationship
between matrix porosity and gas recovery factor. Gas recovery factor of 12% porosity
case is lowest as a result of produced gas relative to OGIP is smallest compare to the
lower porosity cases.

5.2.2 Matrix Permeability

Matrix permeabilities of 0.00007mD, 0.0001mD, 0.0002mD, 0.0003mD,
0.0004mD and 0.0005mD are evaluated. Figure 5.12 and Figure 5.13 illustrate the
production performance for various matrix permeabilities. The production rate
drastically decreases and is gradually stable after 2 years production for all cases. Gas
recovery at 20 years production of 0.13%, 0.13%, 0.49%, 0.68%, 0.89% and 1.09%

can be achieved for matrix permeabilities of 0.00007mD through 0.0005mD,
respectively.
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Figure 5.13 Cumulative gas productions for

different matrix permeabilities

Figure 5.14 represents the reservoir pressure profile plot against production
time for different permeabilities. The average pressure drops for the two least

permeability cases are greater than other cases. This is due to the fact that reservoir
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with ultra-low permeability; gas has limited capability to flow across the matrix
therefore gas production mostly come from the fractures or around the fractures only.
Since the gas flow from the formation to the fractures is slower in the low matrix
permeability case, the pressure in the fractures decreases more quickly and the gas
expansion does not fully occur. The higher pressure drop in the low matrix
permeability cases can be a result. When the matrix permeabilities are increased to
0.0002mD through 0.0005mD, the ability of gas flow in the matrix becomes more
pronounced. The produced gas zone in the fractures and the wellbore areas are then
displaced with gas from the formation more rapidly as well as gas expansion occurs in
the matrix itself. As a result, the pressure change across the reservoir for the
0.0002mD through 0.0005mD cases is not clearly seen.
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Figure 5.14 Reservoir pressure for different matrix permeabilities

Gas saturation profiles exhibit similarly to reservoir pressure. The two least
permeability cases (Figures 5.15 and 5.16) show gas saturation profiles reduce rapidly
around the fractures and the well bore but their production rates are less than other

cases. This is because gas flow slower in the matrix compare to other cases. Figures
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5.17 through 5.20 show the similar saturation profile; gas saturation reduction is not
obviously seen when matrix permeabilities are increased.

Table 5.3 shows the summary of cumulative gas production and gas recovery
factor for different matrix permeabilities. Figure 5.21 shows matrix permeability and
gas recovery factor relationship. Gas recovery factors for 0.00007mD and 0.0001mD
matrix permeability display similarly. Significant changes in gas productivity when
increasing matrix permeability from 0.0002mD to 0.0005mD can be observed.

Figure 5.15 Gas Saturation Profile, 0.00007mD

Figure 5.16 Gas Saturation Profile, 0.0001mD



Figure 5.17 Gas Saturation Profile, 0.0002mD

Figure 5.18 Gas Saturation Profile, 0.0003mD

Figure 5.19 Gas Saturation Profile, 0.0004mD
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Figure 5.20 Gas Saturation Profile, 0.0005mD

Table 5.3 Summary of gas recovery factor for

different matrix permeabilities at the end of production

Matrix OGIP Cumulative Gas Gas Recovery
Permeability (mD) (BSCF) Production (BSCF) Factor (%)

0.00007 4.78 0.0061 0.13
0.0001 4.78 0.0062 0.13
0.0002 4.78 0.0235 0.49
0.0003 4.78 0.0324 0.68
0.0004 4.78 0.0425 0.89
0.0005 4.78 0.0520 1.09
1.20

g 1.00 )

% 0.80 //

2 060

§ 0.40 /

% 0.20 ‘__?,/
0.00 |

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

Matrix permeability (mD)

Figure 5.21 Matrix permeability and gas recovery factor relationship
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5.3 Effect of Number of Fractures and Spacing

Various number of fractures are modeled include 10 (base case), 20, 30 and 60
fractures and symmetrical spacing are maintained of 300ft, 150ft, 100ft, and 50ft,
respectively. Other reservoir properties are kept constant same as in the base case
using 0.03mm fracture width, 8% porosity, and 0.0002mD matrix permeability.
Figures 5.22 and 5.23 show the comparison of gas production rate and cumulative gas
production for various number of fractures. Figure 5.24 represents pressure profile
comparison. Gas saturation profile of 60 fractures case is shown on Figure 5.25. For
other cases can be found in the appendix section from A-1 through A-3.

From the results show 60 fractures case provides the highest gas production
rate and greatest cumulative gas production. The production rate drastically declines
from 91 MSCF/day to 15 MSCF/day in 2.5 months then maintains stable at 13
MSCF/day throughout the end of production. The other cases, the initial gas
production rate is greater than 100 MSCF/day but it rapidly decreases and maintain
stable at less than 10 MSCF/day after 2 years production. The higher number of
fractures cases exhibit less gas production rate at the initial production as a result of
the gas in the formation near the well bore partially flows into the fractures instead of
flows directly to the wellbore. At the end of production, gas recovery factor for 10
fractures through 60 fractures case are 0.49%, 0.80%, 1.18%, and 1.99%,
respectively. Table 5.4 shows the summary of cumulative gas production and gas

recovery at the end of production.
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Figure 5.24 Reservoir pressure profile for different number of fractures

The change in gas saturation profile is greatest for 60 fractures case. It can be
defined that the increase in number of fractures can bring more contact area of the

reservoir into the fractures so the gas can be drained to the greater degree.

Figure 5.25 Gas saturation for 60 fractures

at the end of well production
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Table 5.4 Summary of gas recovery factor for
different number of fractures at the end of production

Number of OGIP Cumulative Gas
) Recovery (%)
Fractures (BSCF) Production (BSCF)
10 4.78 0.0235 0.49
20 4.78 0.0382 0.80
30 4.78 0.0564 1.18
60 4.78 0.0951 1.99

Gas recovery factor is plotted against number of fractures as shown in Figure
5.26. It shows linear relationship between these two factors. The more number of
fractures delivers the higher gas recovery factor given 8% matrix porosity, 0.03mm
fracture width, and 0.0002mD matrix permeability. At the end of production, 60
fracture yields the greatest gas recovery factor of 1.99%.
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Figure 5.26 Number of fractures and gas recovery factor relationship

5.4 Effect of Number of Fractures for Minimum and

Maximum Matrix Permeability

The objective of this section is to investigate the effect of matrix permeability

to observe corresponded gas productivity on different number of fractures. Matrix
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porosity is not taken into account in this section. As shown in the previous section,
matrix porosity has small effect on the production performance and impacts only in
early-time of the production.

Each number of fractures case as discussed in the previous section is modeled
with minimum and maximum matrix permeability. Figures 5.27 through 5.32 show
gas production rate, cumulative gas production, and reservoir pressure for 10, 20, 30
and 60 fractures for matrix permeability of 0.00007mD and 0.0005mD, respectively.
Gas saturation profiles can be found in Appendix section from B-1 through B-8. Table
5.5 shows the summary of cumulative gas production and gas recovery factor. The
results of minimum matrix permeability cases depict that increasing number of
fractures does not aid in gas production improvement as the gas flows difficultly in
the matrix itself. The maximum matrix permeability cases exhibit the greater
improvement in gas recovery. However, this result has to be considered the fact that
fracture width is large as natural fractures width of 0.03mm which may not bring

sufficient conductivity to each fracture hence gas production rate cannot be enhanced.
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Figure 5.27 Gas production rate for minimum matrix permeability
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Table 5.5 Summary of gas recovery factor for different
number of fractures and matrix permeabilities at the end of production
Matrix ]
Number of s OGIP Cumulative Gas Recovery
Permeability )
Fracture (BSCF) Production (BSCF) (%)
(mD)
10 0.00007 4.78 0.0061 0.13
20 0.00007 4.78 0.0061 0.13
30 0.00007 4.78 0.0060 0.13
60 0.00007 4.78 0.0058 0.12
10 0.0005 4.78 0.0520 1.09
20 0.0005 4.78 0.0922 1.93
30 0.0005 4.78 0.1369 2.86
60 0.0005 4.78 0.2365 4.95

Figure 5.33 illustrates the relationship of number of fractures and gas recovery

factor for minimum and maximum matrix permeability.
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5.5 Effect of Fracture Width

Fracture width is

another important factor which indicates fracture

conductivity as the fracture permeability is corresponded to fracture width. The

fracture width are varied from 0.015mm, 0.030mm, 0.15mm, 0.30mm, 0.60mm,

1.20mm, 2.40mm and 3.00mm. Fracture permeabilities are calculated as shown in

Table 5.6. The objective of this analysis is to examine the effect of fracture width on

the production performance.

case.

The other reservoir properties are the same as in the base

Table 5.6 Width and fracture permeability

Fracture Width (mm) Fracture Permeability (mD)
0.015 0.04
0.030 0.30
0.15 37.36
0.30 298.88
0.60 2391.06
1.20 19128.48
2.40 153027.85
3.00 298882.51
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Figures 5.34 through 5.36 represent gas production rate, cumulative gas
production comparison, and reservoir pressure for different fracture widths. Figures
5.37 represent gas saturation profile for the fracture width of 3.00mm. For other cases,
gas saturation profile can be found in Appendix section from C-1 through C-7.

Significant increasing in gas production is obviously seen when increasing
fracture widths. Increasing fracture width to 3.00mm can improve gas production rate
only slightly compare to 2.40mm case. Since the gas is effectively drained around the
fractures provided the fact that the matrix permeability is still low, there will be a
certain fracture width that could provide the maximum gas production enhancement.
So it is worth to note that the most effective fracture width is 2.40mm which can

deliver maximum gas recovery factor of 34%.
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Figure 5.34 Gas production rate for different fracture widths
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Figure 5.37 Gas saturation profile for 3.00mm fracture width

at the end of production

Changing in gas saturation profile can be clearly seen when increase fracture

width especially along the fractures. The larger width cases express the higher

fracture conductivity result in the gas flows from the formation last longer as the

duration of linear flow from the formation depends on fracture conductivity [22].

Table 5.7 shows summary of cumulative gas production and gas recovery factor for

various fracture widths.

Table 5.7 Summary of gas recovery factor for
different fracture widths at the end of production

Fracture Width OGIP Cumulative Gas Production Recovery
(mm) (BSCF) (BSCF) (%)
0.015 4.78 0.02 0.49
0.03 4.78 0.02 0.49
0.15 4.78 0.05 1.06
0.30 4.78 0.21 4.37
0.60 4.78 0.92 19.35

1.20 4.78 151 31.64
2.40 4.78 1.65 34.47
3.00 4.78 1.66 34.69
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Figure 5.38 shows the relationship of fracture width and gas recovery factor. It
can be seen that the maximum gas recovery factor can be achieved around 34% since

the graph starts to exhibit steady from this point forward.

40

s —

30 .
25 -
20
15
10

S

0 0.5 1 1.5 2 2.5 3

Fracture width (mm)

Gas recovery Factor (%)

Figure 5.38 Fracture width and gas recovery factor relationship

5.6 Effect of Fracture Width for Minimum and Maximum

Matrix Permeability

The objective of this section is to examine the effect of matrix permeability to
observe corresponded production performance based on fracture widths. Each fracture
width as discussed in the previous section is modeled with minimum and maximum
matrix permeability. Figures 5.39 through 5.44 show gas production rate, cumulative
gas production, and reservoir pressure throughout 20 years production for the fracture
width of 0.015mm through 3.00mm with the minimum and maximum matrix
permeability of 0.00007mD and 0.0005mD, respectively. Gas saturation profile for all
cases can be found in Appendix section from D-1 through D-16. The results of this
study found that fracture widths yield significant effects on gas production
performance in a certain fracture width range for both minimum and maximum matrix
permeability. From the result of minimum matrix permeability case discovered that
the fracture width of 1.20mm, 2.40mm, and 3.00mm yield similar gas production rate.
This result indicates that increasing fracture width above 1.20mm; it will not offer any
gas production improvement. Therefore, 1.20mm width is considerably the most

effective fracture width to provide maximum gas production rate based on this study.



65

Similarly to maximum matrix permeability case where 2.40mm fracture width is the
most effective fracture width. At the end of production, the maximum gas recovery
factors that are achievable by increasing fracture width are 9% and 57% for minimum
and maximum matrix permeability cases, respectively. Table 5.8 shows summary of
cumulative gas production and gas recovery of various fracture widths for minimum
and maximum matrix permeability of 0.00007mD and 0.0005mD.
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Table 5.8 Summary of gas recovery factor for different fracture widths

and different matrix permeabilities at the end of production

Fracture Matri>-<- OGIP Cumulativ-e G Recovery
Width (mm) Permeability (BSCF) Production %)
(mD) (BSCF)

0.015 0.00007 4.78 0.01 0.13
0.03 0.00007 4.78 0.01 0.13
0.15 0.00007 4.78 0.03 0.56
0.30 0.00007 4.78 0.13 2.70
0.60 0.00007 478 0.35 7.33
1.20 0.00007 4.78 0.43 8.94
2.40 0.00007 4.78 0.44 9.21
3.00 0.00007 4.78 0.44 9.23

0.015 0.0005 4.78 0.05 1.09
0.03 0.0005 4.78 0.05 1.09
0.15 0.0005 4.78 0.09 1.85
0.30 0.0005 4.78 0.28 5.85
0.60 0.0005 4.78 1.30 27.21
1.20 0.0005 4.78 2.43 50.92
2.40 0.0005 4.78 2.71 56.65
3.00 0.0005 478 2.73 57.10

Figure 5.45 illustrates the relationship between fracture width and gas

recovery factor for minimum and maximum matrix permeability. It can be seen that

gas recovery factor remains almost unchanged when increasing fracture width above

1.20mm for

minimum matrix permeability. Similarly to maximum matrix

permeability case, the graph shows steady gas recovery factor when fracture width is

greater than 2.40mm. These results can be defined that fracture width can improve gas

drainage area mostly along the fractures. In the matrix area where the permeability is
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still low, gas cannot flow easily from the formation to the fractures as a result gas

recovery factor cannot be further enhanced after a certain fracture width.
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Figure 5.45 Fracture widths and gas recovery factor relationship
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5.7 Hydraulic Fracturing Design Strategies

This section discusses two main hydraulic fracturing strategies which include
conducting hydraulic fracturing on pre-exisitng natural fractures and conducting

hydraulic fracturing to create new fractures as well as enhancement on the natural
fractures.

5.7.1 Hydraulic Fracturing on Pre-Existing Natural Fractures

This strategy aims to enlarge the pre-existing natural fractures only. Fracture
width of 0.30mm, 1.20mm, and 2.40mm are selected to simulate the production
performance. These selections based on Figure 5.38 where the points are
representative to the significant changes in gas recovery factor. Table 5.9 illustrates
various hydraulic fracturing designs for hydraulic fracturing on pre-existing natural

fractures. The reservoir properties other than shown in Table 5.9 are kept constant as
in the base case.
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Table 5.9 Hydraulic fracturing designs for
hydraulic fracturing on pre-existing natural fractures

No. Design Number of Fractures Width (mm)
1 A-1 10 0.30
2 A-2 10 1.20
3 A-3 10 2.40

Production performance for the above designs can be found on Figures 5.46

through 5.48. Gas saturation profile for all cases are shown in Appendix section from
E-1 through E-3.

In order to define the optimum strategy, the gas production efficiency is

calculated based on the change in gas recovery factor relative to the change in

Stimulated Reservoir Volume (SRV) reference to the base case. Stimulated Reservoir

Volume (SRV) can be used as a representative to conductivity through the reservoir

and the effort input by means of the amount of the injected fluids and proppants. The

production efficiency is defined by observing the change of output relative to input.
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Table 5.10 Production efficiency for
hydraulic fracturing on pre-existing natural fractures

72

) Production
Cumulative o
Number | Fracture Gas efficiency
) . Gas SRV
Design of width ) recovery 2 (% per
Production (ft) )
fractures (mm) factor (%) 1000 unit
(BSCF)
volume)
A-1 10 0.30 0.21 4.37 1430 3.01
A-2 10 1.20 151 31.64 5720 5.59
A-3 10 2.40 1.65 34.47 11440 3.01
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Figure 5.49 Fracture width and gas recovery factor relationship

Table 5.10 above shows gas production efficiency. Figure 5.49 represents the

relationship of gas recovery factor and various hydraulic fracturing designs. The

fracture width of 2.40mm exhibits slightly improvement from the 1.20mm fracture

width case. Table 5.10 can be defined that Design A-2 yields the highest gas

production efficiency. At the end of production, gas recovery factor of 31.64% can be

achieved. Figure 5.50 shows production efficiency comparison plot for all designs.
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Figure 5.50 Production efficiency for

hydraulic fracturing on pre-existing natural fractures

5.7.2 Hydraulic Fracturing Designs

After investigated the parameters in the previous sections, various hydraulic

fracturing designs are simulated based on fracture width and number of fractures. The

following cases in Table 5.11 are modeled in order to define the optimum hydraulic

fracturing design. The other reservoir properties beyond those shown in Table 5.11

are maintained constant same as in the base case.

Table 5.11 Hydraulic fracturing designs

No. Design Number of Fractures Width (mm)
1 B-1 20 0.30
2 B-2 20 1.20
3 B-3 20 2.40
4 C-1 30 0.30
5 C-2 30 1.20
6 C-3 30 2.40
7 D-1 60 0.30
8 D-2 60 1.20
9 D-3 60 2.40
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The ranges of fracture widths are selected to design hydraulic fracturing
include 0.30mm, 1.20mm and 2.40mm. These selections based on Figure 5.38 where
the points are representative to the significant changes in gas recovery factor.

Figures 5.51 through 5.53 represent gas production rate, cumulative gas
production, and reservoir pressure for different hydraulic fracturing designs. Gas
saturation profile for all design are shown in Appendix section from E-4 through
E-12. These results can define that Design D-3, 60 fractures and 2.4mm fracture width
case yields the greatest gas production rate and achieves the highest cumulative gas
production. Table 5.12 shows the summary of gas recovery factor and production
efficiency for all studied designs reference to the base case at given 0.03mm fracture
width and 10 natural fractures. Production efficiency is calculated based on the
change in gas recovery factor relative to the change in SRV.
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Figure 5.53 Reservoir pressure profile for different designs

Figure 5.54 shows the relationship between number of fractures and gas

recovery factor for all fracture widths. It can be observed that the graph does not
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exhibit linear relationship for 1.20mm and 2.40mm fracture width cases whereas it
shows linear relationship for 0.30mm fracture width case.

Even though the results show that the higher number of fracture and larger
fracture width would give the greatest gas productivity. However, it is not still a usual
way for oil operators to maximize an effort to gain maximum gas recovery factor. As
shown in Table 5.12 the fracture width of 2.40mm does not show much in gas
recovery factor improvement compare to 1.20mm fracture width given the fact that
the fracture width has to be double. This means that the double proppant amounts
have to be injected to gain only 3% higher gas recovery factor. This may not be an
optimum solution in term of economic. This study aims to identity the optimum

hydraulic fracturing design in term of production efficiency.
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Figure 5.54 Number of fracture and gas recovery factor relationship
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Table 5.12 Gas production efficiency for different hydraulic fracturing designs

Cumulative Gas Production
Number | Fracture o
) Gas recovery | SRV | efficiency (%
Design of width ) 3 .
Production factor (ft>) | per 1000 unit
fractures (mm)
(BSCF) (%) volume)
B-1 20 0.30 0.40 8.30 2860 2.87
B-2 20 1.20 2.44 51.12 11440 4.48
B-3 20 2.40 2.61 54.63 | 22880 2.38
C-1 30 0.30 0.57 11.89 4290 2.75
C-2 30 1.20 2.95 61.79 17160 3.60
C-3 30 2.40 3.12 65.17 | 34320 1.89
D-1 60 0.30 1.00 20.90 8580 2.42
D-2 60 1.20 3.68 76.99 | 34320 2.24
D-3 60 2.40 3.80 79.47 | 68640 1.15

Figure 5.55 shows production efficiency for all strategies. It is evident that

Design B-2; 20 fractures and 1.20mm fracture width yields the greatest production

efficiency. This hydraulic fracturing design can achieve 51.11% gas recovery factor.
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Figure 5.55 Production Efficiency for all designs
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Sensitivity analysis is simulated for Design B-2. Three parameters are taken
into account in sensitivity analysis to understand their effects on gas productivity.
These parameters include matrix permeability, hydraulic fracturing pattern, and

adsorbed gas concentration.

5.7.2.1 Matrix Permeability

Matrix permeabilities of 0.00007mD through 0.0005mD are used in the
reservoir simulation models. Figures 5.56 through 5.58 show gas production rate,
cumulative gas production, and reservoir pressure of Design B-2 for different matrix
permeabilities.

As previously discussed on Figure 5.27 and Figure 5.39 that number of
fractures would not improve gas recovery factor for the matrix permeability of
0.00007mD case but the recovery factor can be increased when increasing fracture
width and gas recovery of 8.94% can be obtained. From the result of studying matrix
permeability in sensitivity analysis illustrates that increasing number of fractures can
improve gas recovery factor of 18.37% for 0.00007mD matrix permeability since the
more conductivity is brought into the reservoir with the higher number of flow
channels, therefore gas productivity can certainly be improved.

Figures 5.59 through 5.64 show gas saturation profile for different matrix

permeabilities at the end of production.
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Figure 5.56 Gas production rate of Design B-2 for different matrix permeabilities
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Figure 5.59 Gas saturation profile of Design B-2 for
0.00007mD matrix permeability

Figure 5.60 Gas saturation profile of Design B-2 for 0.0001mD matrix permeability

Figure 5.61 Gas saturation profile of Design B-2 for 0.0002mD matrix permeability
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Figure 5.63 Gas saturation profile of Design B-2 for 0.0004mD matrix permeability

Figure 5.64 Gas saturation profile of Design B-2 for 0.0005mD matrix permeability
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From gas saturation profiles from Figures 5.59 through 5.64, it is obviously
seen the reduction in gas saturation along the fractures. The gas saturation colors
become less contrast between the matrix and the fractures when matrix permeability
increases. Table 5.13 shows the summary of gas recovery factor for different matrix
permeabilities. The great effect of matrix permeability on gas productivity can be
observed. The change in gas recovery can be distinguished between high matrix
permeability and low matrix permeability where the low matrix permeability achieves
20% gas recovery and more than 50% gas recovery for high matrix permeability. The
variation of recovery factor for changing in matrix permeabilities can be fluctuated
from 2% up to 30%.

Table 5.13 Summary of gas recovery factor for Design B-2
and different matrix permeabilities at the end of production

Matrix OGIP Cumulative Gas
. ) Recovery (%)
Permeability (mD) (BSCF) Production (BSCF)

0.00007 4.78 0.88 18.37
0.0001 4.78 1.00 20.91
0.0002 4,78 244 51.11
0.0003 4.78 2.88 60.18
0.0004 4.78 3.16 66.11
0.0005 4.78 3.36 70.32

5.7.2.2 Hydraulic Fracturing Pattern

Different hydraulic fracturing patterns are investigated in this section. The
objective is to understand the effect of pressure along the wellbore on the gas
productivity since the pressure drop across the horizontal wellbore section may not be
the same for the entire string. The patterns could be divided to four groups; fracture
clusters at heel, centre, toe, and clustering equally spacing. Figures 5.65 through 5.67
represent gas production rate, cumulative gas production, and reservoir pressure for
different clustering patterns. Figures 5.68 through 5.72 illustrates gas saturation

profile for different patterns. It could be explained that more distribution of the
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fractures in the reservoir can bring more reservoir matrix into contact with the fracture
results in improving gas drainage area. Table 5.14 shows the summary of gas
recovery factor for different hydraulic fracturing patterns. The variation of gas
recovery factor is only 2-5%. However, from the results found that the more evenly

distributed spacing would yield the highest gas productivity.
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Figure 5.67 Reservoir pressure of Design B-2 for

different hydraulic fracturing patterns

Figure 5.68 Gas saturation profile of Design B-2 for Heel patterns
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Figure 5.69 Gas saturation profile of Design B-2 for Centre patterns

Figure 5.70 Gas saturation profile of Design B-2 for Toe patterns

Figure 5.71 Gas saturation profile of Design B-2 for

Clustering Equally Spacing patterns
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Figure 5.72 Gas saturation profile of Design B-2 for

Normal Symmetry patterns

Table 5.14 Summary of gas recovery factor for Design B-2
and different hydraulic fracturing patterns at the end of production

) ) Cumulative Gas Gas
Hydraulic Fracturing OGIP )
Production Recovery
Pattern (BSCF)
(BSCF) (%)
Heel 4.78 2.30 48.21
Centre 4.78 2.30 48.19
Toe 4.78 2.31 48.22
Clustering Equally Spacing 4.78 2.22 46.35
Normal Symmetry Spacing 4,78 2.44 51.11
5.7.2.3 Gas Adsorption

Shale gas reservoirs have special characteristic where some of the gas might
be adsorbed on the surface of the shale and some exists as a free gas in the matrix
pore structure. The adsorbed gas on the surface of the shale is assumed to be a
function of pressure, described by Langmuir Isotherm. Once reservoir pressure
declines, gas on the shale surface can be gradually released. It will act as a free gas
which flows to the fractures and eventually towards the wellbore. This section
describes the adsorbed gas concentration effects on gas productivity. Figure 5.73
through 5.75 illustrate gas production rate, cumulative gas production, and reservoir

pressure for different adsorbed gas concentrations, respectively.
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From the graphs, the higher adsorbed gas concentration provides the greater
productivity. Figure 5.73 shows that the higher gas concentration starts to divert in the
later-time production compare to non-adsorbed gas concentration case. This result
depicts that the more pressure decline can bring the more adsorbed gas to be released
from the shale surface. Figures 5.121 through 5.123 show gas saturation profile for
different gas concentrations. It can be observed in the higher gas concentration case,
the matrix color appear more green expressing the higher gas saturation as a result of
the more gas is released. Table 5.16 shows the summary of gas recovery factor for
different adsorbed gas concentrations. Apparently, it can improve gas recovery factor
of only 1-6%.
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Figure 5.76 Gas saturation profile of Design B-2 for 100scf/ton gas concentration

Figure 5.77 Gas saturation profile of Design B-2 for 200scf/ton gas concentration

Figure 5.78 Gas saturation profile of Design B-2 for 400scf/ton gas concentration
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Table 5.15 Summary of gas recovery factor for Design B-2
and different adsorbed gas concentrations at the end of production

Adsorbed Gas

) OGIP Cumulative Gas
Concentration ) Recovery (%)
(BSCF) Production (BSCF)
(scf/ton)
0 4.78 2.44 51.11
100 4.78 2.46 51.48
200 4.78 2.56 53.48
400 4.78 2.73 57.05




CHAPTER VI

CONCLUSIONS AND RECOMMENDATION

Producing gas purely from naturally fractured shale gas reservoir would not

yield any benefit to oil operators since the gas recovery factor that can be obtained is

only 0.49%. Therefore, hydraulic fracturing is applied on this type of reservoir to gain

more gas recovery. This chapter concludes all results obtained from this study which

includes reservoir performance based on reservoir parameters and hydraulic fracturing

strategy selection. Recommendation is provided for future study.

6.1 Conclusions

1. Reservoir performance

Matrix porosity does not have significant effect on gas production
performance. The higher matrix porosity delivers slightly higher gas
productivity in the early-time production.

Matrix permeability can define gas flow ability significantly.
Increasing of gas recovery factor can be achieved when matrix
permeability increases.

Increasing number of fractures offers higher gas productivity expressed
in linear relationship. In the very low matrix permeability, number of
fractures does not have much effect when producing gas from the
natural fractures whereas it shows greater production improvement in
high matrix permeability case.

It is obviously seen an improvement in gas productivity when
increasing fracture width for all matrix permeabilities. The larger
fracture widths yield higher gas productivity. Nevertheless, there are
certain points where the fracture widths cannot provide further
production enhancement. For the minimum matrix permeability shale
defines that 1.20mm is the most effective fracture width that can

provide the maximum gas recovery factor of 9% whereas 2.40mm can
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be defined as the most effective fracture width for the maximum
matrix permeability. It delivers maximum gas recover factor of 57%.
2. Hydraulic strategy selection

e Gas production efficiency is defined as the ratio of gas recovery
improvement relative to stimulated reservoir volume enhancement.
The production efficiency is used to determine the optimum hydraulic
fracturing design. The optimum design for hydraulic fracturing on pre-
existing natural fracture is to enlarge fracture width to 1.20mm. This
design can provide gas recovery factor of 31%.

e The optimum design for hydraulic fracturing is to conduct 20 fractures
and 1.20mm fracture width. This strategy can obtain 51% gas recovery
factor.

e Significant effect of matrix permeability on gas productivity for the
optimum hydraulic fracturing design can be observed. The higher
matrix permeability yields greater gas recovery factor.

e With the same number of fractures, different hydraulic fracturing
patterns or different fracture spacing has only slight effect on
production performance. The result showed that the more evenly
distributed of fractures in the reservoir would yield the greatest gas
productivity.

e The results showed some gas improvement from gas desorption as the
pressure declines. The higher adsorbed gas concentrations can

provide more gas productivity but it has insignificant effect.

6.2 Recommendation

Economic analysis is an important factor to finalize the hydraulic fracturing
design strategy for the decision maker. It is strongly recommended for future study to

further evaluate these technical hydraulic fracturing designs with economic terms.
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Appendix

A) Gas saturation profile for different number of factures

A-1 Gas saturation for 10 fractures

at the end of production (Base Case)

A-2 Gas saturation for 20 fractures

at the end of production

A-3 Gas saturation for 30 fractures

at the end of production
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B) Gas saturation profile for different number of fractures at minimum and

maximum matrix permeability

A1

B S N RN TS W E——

B-1 Gas saturation profile for 10 fractures and 0.00007mD

B-2 Gas saturation profile for 10 fractures and 0.0005mD

B-3 Gas saturation profile for 20 fractures and 0.00007mD
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B-4 Gas saturation profile for 20 fractures and 0.0005mD

B-5 Gas saturation profile for 30 fractures and 0.00007mD

B-6 Gas saturation profile for 30 fractures and 0.0005mD
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B-7 Gas saturation profile for 60 fractures and 0.00007mD

B-8 Gas saturation profile for 60 fractures and 0.0005mD

C) Gas saturation profile for different fracture widths

C-1 Gas saturation profile for 0.015mm fracture width

at the end of production
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C-2 Gas saturation profile for 0.030mm fracture width

at the end of production (Base Case)

C-3 Gas saturation profile for 0.15mm fracture width

at the end of production

C-4 Gas saturation profile for 0.30mm fracture width

at the end of production
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C-5 Gas saturation profile for 0.60mm fracture width

at the end of production

C-6 Gas saturation profile for 1.20mm fracture width

at the end of production

C-7 Gas saturation profile for 2.40mm fracture width

at the end of production
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D) Gas saturation profile for different fracture widths at minimum and maximum

matrix permeability

D-1 Gas saturation profile for fracture width of 0.015mm
and matrix permeability of 0.00007mD

D-2 Gas saturation profile for fracture width of 0.015mm

and matrix permeability of 0.0005mD

D-3 Gas saturation profile for fracture width of 0.03mm

and matrix permeability of 0.00007mD
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D-4 Gas saturation profile for fracture width of 0.03mm

and matrix permeability of 0.0005mD

D-5 Gas saturation profile for fracture width of 0.15mm

and matrix permeability of 0.00007mD

D-6 Gas saturation profile for fracture width of 0.15mm

and matrix permeability of 0.0005mD



D-7 Gas saturation profile for fracture width of 0.30mm

and matrix permeability of 0.00007mD

D-8 Gas saturation profile for fracture width of 0.30mm

and matrix permeability of 0.0005mD

D-9 Gas saturation profile for fracture width of 0.60mm

and matrix permeability of 0.00007mD
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D-10 Gas saturation profile for fracture width of 0.60mm

and matrix permeability of 0.0005mD

D-11 Gas saturation profile for fracture width of 1.20mm

and matrix permeability of 0.00007mD

D-12 Gas saturation profile for fracture width of 1.20mm

and matrix permeability of 0.0005mD
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D-13 Gas saturation profile for fracture width of 2.40mm

and matrix permeability of 0.00007mD

D-14 Gas saturation profile for fracture width of 2.40mm

and matrix permeability of 0.0005mD

D-15 Gas saturation profile for fracture width of 3.00mm

and matrix permeability of 0.00007mD
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D-16 Gas saturation profile for fracture width of 3.00mm
and matrix permeability of 0.0005mD

E) Gas saturation profile for different hydraulic fracturing designs

E-1 Gas saturation profile for Design A-1

at the end of production
- X T |

E-2 Gas saturation profile for Design A-2

at the end of production
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E-3 Gas saturation profile for Design A-3

at the end of production

E-4 Gas saturation profile for Design B-1

E-5 Gas saturation profile for Design C-1
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E-6 Gas saturation profile for Design D-1

E-7 Gas saturation profile for Design B-2

E-8 Gas saturation profile for Design C-2
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E-9 Gas saturation profile for Design D-2

E-10 Gas saturation profile for Design B-3

E-11 Gas saturation profile for Design C-3
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E-12 Gas saturation profile for Design D-3
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