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ABSTRACT

PRESSURE AND RATE - TRANSIENT ANALYSIS O F THE SIMULATED SINGLE
AND MULTI -FRACTURED HORIZONTAL WELLS DRILLED IN SHALE GAS
RESERVOIRS

Jafarli Tural
M.Sc.,Department of Petroleum and Natural Gas Engineering
SupervisorAsg. Prof. Dr. ¢ a j | NMAYUGS |

SeptembeR013,139 pages

Nowadays, the bigger portion of produced oil and gas come from conventional resources all over
the globe and these resources are being depleted in a severe manner. Over the past decade, the
combination of horizontadrilling and hydraulic fracturing has allowed access to large volumes

of shale gas that were previously uneconomical to produce. In recent years, they are seriously
considered as supplementary to the conventional resources although these reservoitse cannot
produced at an economic rate or cannot produce economic volumes of oil and gas without
assistance from massive stimulation treatments, special recovery processes or advanced
technologies.

The vast increase in demand for petroleum and gas has encotinagadw technological
development and implementation. With the directional drilling technology, it is possible to make
use of highly deviated wellbores, extended reach drilling, horizontal wells, multilateral wells etc.
Along with the technology itself siatation, reservoir characterization and the ability of future
production prediction makes the development of unconventional resources a lot easier.

In this study, pressure and rate transient analysis techniques developed for hydraulically
fractured resenics were applied for shale gas reservairsinderstand the applicability of those
methods on unconventional systerRsessure transient analysis is based on the analysis of the
pressure which changes ovéme with variation of the fluid flow rate. For & particular
analysis, fluid allowed to flow foa limited time, then well islosed and the pressure behavior is
monitored and recorded in order to analyze the data. Rate transient amddysiso production

data analysis which utilizesimilar conceptto pressure transient analysds.is similar to
drawdown test where this drawdown period is equal to producing life of a particular field, where
the flow periods are interrupted by shimitperiods, with less frequent data acquisition which is
why the daa quality for the analysis is nais good as for pressure transient analysis.
Schlumberger Eclips800 simulation model was used to model the shale gas resefwair.
commercial software tools Saplire (Kappa) and F.A.S.T. (Fekete) tlaae used in petrelm
engineering wex applied to analyze thaata.Advanced analyticainodels (F.A.S.T.feveloped



for horizontal multifracturedr e ser voi rs showed some good results;
what arethe actual flow regime conditions under different fracture stage and flowing conditions.
In general those tools analyze the data to meittier linear, bilinearor boundary dominated

flow conditions. For that reason, in order to clearly understand flgimes rate normalized
pressure derivative function was adopted along with the corrected pimeadfunction. As a

result of this straight line analgsi flow regimes, fracture and reservoir permeabilities, fracture
half length, fracture conductivitpammeterswere found under different fracture stage and
flowing conditions. Under constant rate producing conditions, for single fracture case we
obtainedi fracture linear, elliptical, radial and late time effects, however for rHudicture
example, elliptal flow regime was masked due to close fracture spacing and additionally
compound linear flow parallel to hydraulic fractures were exhibited. Under constant {hattem
pressure producing conditions, for single fracture case we obtained fsteadyp st@ flow
showing pressure depletion in the stimulated reservoir region, radial flow, boundary dominated
flow conditions, while for multfracture case we additionally observed compound linear flow
regime.

Keywords: Shale Gas, Horiatal Wells, Hydraulic Fracturing, Pressure Transient Analysis,
Rate Transient Analysis
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KEYL GAZ RESERVNJARAGIRLAN YAPAY TEKLK VE ¢OK
YATAY KUYULARDABASING -VE DE®BKC KEKALKZK

Jafarli Tural
Yuksek LisansPetrolve Dp al MGehzz ndi sl i ]
Tez YoneticisiAsst Prof. Dr.¢ aj | ar SI NAYU¢

Eylul 2013,139 sayfa

Tém déegnyada cretilen petrol Ve gazeén be¢yeé
sajl anmaktadér ve bu kSoyampé&l da Wnwetz&wnlks g k& ajme
-atl at ma ensaksiéd eenk o-néoknairké | odrdaxa ey yalm Ugtammeglénakmi K t

tare mé kStoenr .y é1 | arsdiamud eaysly ogaz ,° z el isretim artér
teknoloji olmadardik ¢ k ek onomi k or anrlajrmdean ¢geeltdn eekbs d Imek
ek olarak gortlmektedir.

Petrol ve doj al gaz ¢reti mi ndnee avret awny gtuall aenpa s
tekvi k eYmrelkg edbndajij teknol oj i si il e y¢é¢ksek
sondaj, yatay kuyular ve okl u yanal kuyul ar ve bunl ar én
mumkundirGe | i Kk mi K t e k nrezeraugr ikayakterizakyono Vestimia tahmini

met odl|l aré gel ekhkéthseéh Qgrmaymi kayhkal ayl akt ér ma
Bu -al éeékmada, hirder al-iikn -geetlliakkt idurlweml aanal i z
sistemlerde bu y°ntemlerin uygulanabilirlifji
i -in uygGéainméxmbalsieni- petrolun akék hézeée var
basén- anal i ziBuanalid gig,Zenyakttadseenérl & bir Sér
sonra,verileri analiz etmek icin daha sonkaa p ab & § e n 5 davranéké izl en
Gegici debianalizi bir retm anal i zi ol apal gei-rici ebagra-ben
kul l anmakt at érneb8mnuz arg kg xa ldi° nceinrs avhetimigauk édk¢, K ¢ K
s¢resine exitdir, daha az seéekl &lkalpanwmasié tgr
akékén durdurul masée ogedeoai gnlieibk@&edain | eyin deali
Schlumberger Eclipse300 si m¢ |l asyon model i Keyl gaz s a
kull anél méktér. -3&phitriec a(r Ka pypaaz)é | veenl gamer o | m
FAST.(Fekete) verileri analiz uygul anméxktér.

gel i kmi k analAST) kbawmaeil yier s¢omwu-1 ar ortaya k-
-atl ak sayésé ve ¢retim keomludd masé méGaengtanjdlaa myée
ol ar ak bu vyazél émlar dojrusal, -0 ft dojrus
ekl ektirme ¢zerine kurul mukdur . Bu nedenl e,
i -1in cretim ¢zer i nigevionksiyona Vel zze letdilllaainawe b as én
fonksionl aré d#&ao] t asalzlertseticendaa k é&ku r ej i ml er i,

rezervuar ge-irfggenbkzukl @f u, vedrfEatrlkd&ét Igaa-til ragke 1
ve ¢retimtkokdul |baslab nanu ktebri . de ¢retim kokul | @
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sahaiginr- at |l ak dojrusal, el iptik, radyal ve ge- zan
icin-el i ptik akék rejikm@n hairdarloéjiék niead eynailylclaer éqi zylae n
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NOMENCLATURE

Abbreviations

BDF: Boundary Dominated Flow
CBM : Coalbed Methane

CFL: Compound Linear Flow

EUR: Estimated Ultimate Recovery
FFR : Fracturing Fluid Residue

HF: Hydraulic Fracture

LTR: Late time region

MFHW: Multi-Fractured Hozirontal Well
OGIP: Original Gas in Place

PSS: PseudS8teady State

PTA: Pressure Transient Analysis
RNP: Rate Normalized Pressure
RTA: Rate Transient Analysis

SG : Shale Gas

SRV: Stimulated Reservoir Volume
UGR: Unconventional Gas Reservoir
WBS: Wellbore Storage

Symbols

A = surface area of the matrix block ft
C = wellborestorage coefficient, bbl/psi
c: = formation compressibility, psi

Cy= gas compressibility, psi

c.= total compressibility, psi

Fcp = Dimensionless fracture conductivity
Gs = Gas Storage Capacity, scf/ton

J = Productivity Index

k = Permeabilitymd

k¢ = fracture permeability, md

ki = damaged fracture permeability, md
L = Fracture spacing, ft, m
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L, = Length of a block side, ft, m

m(p) = real gas pseudopressure’/ppi

P = Pressure, psia, bar

P. = Langmuir Pressure, psia, bar

P, = initial reservoir pressure, psia

P.t = Flowing Bottomhole pressure, psia

Q = Flow rate, rfiday

I = radius of the sphere, ft, m

rn = wellbore radius, ft, m

V, = Langmuir Volume Constant, scf/ton

w; =Fracture width, ft, m

x; = Fracture halength, ft, m

€4 = Viscositty, cp

., =Shape factor, f m2

T = temperature, °C or °R

t = Time, hours

ta= Corrected Pseuediime, hours

t' .= Adsorption Incorporated Corrected Psetidwe, hours
toxr = dimensionless time based on the fracture-lealfjth xf
Sg = Gassaturation, dimensionless

Sw = Water Saturation, dimensionless

Z = gas deviation factor, dimensionless

U =poroelastic constant
Umin = the minimum horizontal stress (in situ stress)
Uop = Overburden stress

3 =Z=Poissonb6s ratio

d =hydraulic diffusivity
%o= porosity

%e = undamaged original fracture porosity

c
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CHAPTER 1

INTRODUCTION

In general, unconventional gas reservoirs are known to have very large hydrocarbon reserves in
place, a low expected ultimate recovery, &owd permeability (Schenk, 2002). dfeformations
are unable tprovidefeasibleamount of gastan economicabroducingrate and theyeed to be
treated with specialechniques. Hrizontal and multilateral wellsexhibits feasible production
rateswith adoption of transverse hydraulic fractureandits increasegerformance should be
considered in an accurate wafssessmenbf unconventional gaformationsis challenging
work due toa number ofeasonsAt the first placethe shale formatiain generalarenaturally
fractured andit causesinterpretation challeres as reservoir heterogeneity Moreover
permeability of matrix system ranges within nanodarcy values dnthgs an extra demand on
the test desigmhich in turnrequires a very long testlurations To handle the particular issue
specialized analysis techniguesust be developednstead Finally, adsorbed on the grains of
organic carbon that ngaexist in the shale formatiantimately complicates the interpretation of
such formations For dl the reasons stated abgveproduction mechanism of
UGR(unconventional gas reservoirs) are much more difficult if you compareadantgentional
formations In some cases, analysid SG (shale gas) reservoiniay not be even feasible
(Soliman, 2012)

Gringarten et al. (1974) and latelginco and Samaniego (1981) suggesteerpretation ofvell
testing data of conventiondbrmations under infinite, finite-conductivity and uniformflux
fracture flow scenarios To be ableto handle interpretation afinconventional formationa
number ofmethodswere develogd: Analytical Models Numerical Modelsimulating real gas
diffusion (Kappa- Saplire, Topaze, Rubis)Straight line (Flow regime) analysitc. (Olivier
Houze 2010)

The primarywork of the study isto understand applicabilitgf the analysismethodsappliedfor
hydraulically fractured wells on unconventiorfarmationsunder differentfracture stageand
flowing conditions. In order toeach some resultfe utilization pressureand rate transient
analyss methodswvereexecuted

The starting point &s the use Eclipse 3@@odel to perform simulation rurisr single, twe and
three stage hydraulic fracturgcenariosith steady flowingrates set to 200, 500, 1000%day.
As a part ofpressire transient analys{®TA) i Kappa Gaphirg andFekete F.A.S.T) software
tools were implemented initially fostandardinite-conductivity fracture model analysi$.was
followed bysome advanced models in F.A.S.T. which simulates singlenaittdstage fractures
in stimulated reservoir voluméRY) and volume beyond SRV regionfor gas andcoalbed



methane €CBM) fluid model cases which werapplied separately. The advanced models
account for corrected pseutime function by which wevere aiming to decrease deviation of
rate normalized pressur®NP) derivative function for increasing flowing tes. Afterwards
Straight Line (Flow regime) Analysis watilized as a part ofate transient analysi®TA). In

order to perform the particular agsis, rate normalized pressure (RNP) and corrected pseudo
time functions were estimated and flow regimes from the RNP derivative using corrected
pseudeatime functions. Having identified the prevailing flow regimes specialty plots were used
to estimate paraeters for each particular flow regime. The same procedure was implemented to
6.9 barconstanflowing bottomhole flowing pressurdata.

The production data used for interpretation in this study has the time intervals thwacsically

too long for awell testinganalysis however it can be used as a guide for a typical well testing
interpretatiorof hydraulically fractured unconventional formations



CHAPTER 2

LITERATURE SURVEY

2.1 Pressure Transient Analysis

Mainly well testing is done on an exploration well in order to take a fluid sample. Additionally
reasons are to measure the initial/average reservoir pressure, estimate minimum reservoir
volume, well deliverability, reservoir permeability and skin effertd identify heterogeneities

and boundaries. Well testing is based on changing the flow rate of the well, namely by closing a
flowing well or an injection well respectively for buildup or falloff test. This rate change creates
pressure signal in the sameell or in an adjacentvell by the way of interference testingor
multilayer formations flowing rates are differenfor each individual layer, which can be
measured witha production logging toolRate change isstablishedht surface or bottom hole
conditions Wellhead shuin is typically usedfor wells that arealready producing while
bottomhole shuin is atypical case for testing after drilling Drill Stem Tests. The following

types of tests exist and being implemented:

ADrawdown test the bdtom hole flowing pressuris used for analysi€Essentially we are
aiming to producet constant rateonditions,however practicallydrawdown data isinstable
and the analysis i@relyaccurate.

ABuild-up test shutin pressure dates deployedfor analysis.Prior to build-up test, the well
must have beefflowed for sufficient time for ratestabilization Acquired data is accurately
obtained for zer® constant flowing rate flowing conditions

Alnjection test / fall-off test this is the proceswhen fluid is injected undergrourahd which
causedottomhole pressure inereent in reservoir pressuend, itis followed bypressure drop
during the falloff periodandafter shutin operation is performed.

Alnterference test and pulse testthe botomhole pressure igcordedn a shutin observation
well from an adjacenproducer. Interference tests aapplied forevaluaion of connectivity
between wells. For pulse testindpet active well ipened for productiowith a numberof short
flow andshut-in periods, theecordedoressurevibrationsare analyzeéh anobservation well.

AGas well test There are two maicharacteristics distinguishingas well testingrom liquid
one At first place due to the fact thajas propertiebas solid dependence on pressure behavior



of the reservoir and application of liquid well testing techniques is not applicable for gas well
testing scenario. Addtionallyhigh velocityeffects is typical for gas wells wheas additional
pressure drop isbserved which is characterized with rate dependent skin term.

In order to handle pressure dependence of gass@ls gas pseudopressure function
implemented Al Hussainyet al, 1966)

i | — (2.1)

and the real gas pseudotime functiom#&Awal, 1979)

O
V)
|

2.2)

All the equationsieployedfor gas well tesscenariowill be identical withliquid equations by
implementing pseudotime and pseudopressure functions

2.2 Shale Gas

Shale gas refers to gagichis trapped within shalbeds SGis formedby combination of

1 primary thermogenic degradation of organic matter
1 thermogenic crackingf hydrocarbons
9 biogenic degradation

Shale looks like the slate of a chalkboard and typically essemely low formation
permeability. These shales are rich in organic carligespite the fact that it isardto extract,
shale gas igssentiallyfairly clean and dry. This idue to thermal cracking thoughout the time
Having known the fact we can conclude on magnitude durdtion of particular range of
temperature in the reservoir. Withdrawn fluid will be drier for higher thermal maturity cases.



Gas is stored in shales @ifferent forms Adsorbed gaswhich refers togas attached tolay
particles,free gasthat is holdwithin the tiny spaces in the rock or liydraulic fracturesand
solution gasthat is in dissolution form within liquid hydrocarbordigher freegas content in
lasts withhigher initialgasproductionrates That is becauskee gads already in the pore space
and t ismuch easiethan that for adsorbed gas to be produced

Over the past decadegplementation of bothorizontal drilling and hydraulic fracturingpened

the production windowthat wasnot previously uneconomiclgl feasible The production of

natural gas from shale formations has rejuvenated the natural gas industry in the United States.

filn 2000 shale gas provided only 1% of U.S. natural gas production; by 2010 it was over 20%
and the U.S. gover onAéministtason [ediets thayby P08, 46%0 of ghe i
United Statesd natural godStevessyq0t?).y wi I I come fi

Shale hasextremelylow matrix permeability,so implementation of hydraulic fracturing is
required for estimation of commercigtoduction This is done along with horizontal drilling in
order to increase the productivity of the well.

Four types of porous medéxistin productive shale gdsrmations nonorganic matrix, organic
matrix, natural fractures, and hydraulic fractut®sganicmatter poreswhich have dimensions
within 5 to 1,000 nm, aref a great importancéue to the fact thaheyhold adsorbed gases, as
well as store free gases. Barnett Stedamplealsoindicatesthe fact that serious amount of

free gas exisin organic matter. In comparison with conventional gas reservoirs, fluid flow in
gas shales is controlled by flow mechanisms at all scales, from molecular to macroscopic. Fluid
flow mechanismsconsist of the(l) free gas flow, (2) desorption, (3) diffusioand (4)
imbibition suctioneffects In case of adsorption, essentialtwo types of adsorption processes
exist

A Physical adsor pti on oRundamentallydasis holilVim arfjasic ad s or |
matterby the way ofphysicaladsorption. Physical adsorptionssnply anattractionbetween
clay particles andas molecules and the process itself is irreversible

A Chemical ads or pt Chemmsorptiondativiatednadserptigrip describad as
a chemicalinteraction betteen gas and adsorbed substama®. the particular case adhesive
forces are stronger than that of for physical adsorpiitie. process ialso usuallyirreversible
andoriginal substance undergogsemicalchangeon desoption.

Shale mineralogy is of a @at importance for evaluation amount of gas that is physically
adsorbed to shale surfac&ue to the fact that, overalnost shale gageserves has constant
temperature, ihasa negligible effecion desorption, whereatsis more sensitive to pressur

change in the reservoir systetrangmuir, BrunauerEmmettTeller, and Freundlich isotherms
are implemented to explain adsorption effects.



I n our case we apply Langmuir isotherm for charac
isothermuses the fdbwing three assumptions to describe adsorption effects:

1 The adsorbansurfaceis in touch withsolution containing an adsorbdtetis strongly
inducedto its surface

1 The surface has a specific numbespbtsadsorbtion okolute molecules possible

1 The adsorptions described withmonolayerscenario where onlgne layer of molecules
are attached to the surface

Langmuir Isotherm

i5as Content
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.
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L

Figure 2. 1 Typical Langmuir Isotherm (Fekete Associates, 2011)

SR 23)

The Langmuir Isotherr(Fig 2.1)shows the quantity of adsorbed gas that a saturated sample will
contain at a given pressure. Decreasing pressure will cause the methane to desorb in accordance
with behavior prescribed by the blue line. Gas Desorption increases in a nonlinear s the
pressure declines.

filmbibition suction is a phenomenon occurring in freater flow in tightgas
sandstona@gBennion and Thomas, 200%jor some productive shale gas formations such as the
Haynesville(Stoneburner, 2009) and Barnkdss than 6% of frac water flows backvhen we
startproducing from the fieldThisis describedascombined effects of imbibition sucticeamd
gravty segregation in fracture§sashas a tendencip movein the upper part othe fractures,



where water stays at the tbmm of the fracturesSome water carseep into shale formation
during drilling and stimulatiomperations. A portion ahis waterturns intoresidual water in the
nonorganic matriximbibition suction effectan be increased duecdooling by drilling and frac

water around stimulateggionwhich in turn increases water saturation.

2.3 Naturally Fractured Reservoirs

Naturally fractwed formations embody over half of known reservoirs andmakes large
contributionsto globalhydrocarlon production.These reservoirs refer stronglyheterogeneous
formations thathold ahighly complex network offistinct fracture groupswith various spatial
distribution and conductivityit is a very challengingaskto perform a characterizatistudies
on these types of formations due to the fact thay exhibit an extreme property contrast
between two domainhich includes- rock matrix and fracturesChese reservoirare found
sardstone, shales, and carbonate depositional environments.

Shaleformation permeabilityranges in such a low valudsat it producesgas in a extremely

low rate, whichmakes shales to be the last source of energy for gas produ@tiaine other
hand,shales store huge amount of gas which concentrates a lot of interés Producing shale

beds are relatively flat and thick and they can maintain constant production for considerably long
time periods.

It must be mentioned that the pore spareseven smaller than the hydrocarbon molecules itself,
which does not allovit flow through the pored-or that reason fractures are the main way to
make production possibl&éhe gagproductionhappensn thefollowing mannerfAhmed, 2010)

1 Free gas flows from fractures,
1 Gas Desoption,
1 And flow of desorpted gas out of the ratiatrix.

Free gads producedat avery high rate whereasadsorbed gas is being produced at a very low
rates.

2.3.1 Behaviour of Naturally Fractured Reservoirs

Naturally fractured formations areharacterized by two types of porous mediaatrix and
fractureand described as dual porosity reservoirs:



1 Matrix porositywhich refers tqrimary porosityl,
9 Fracture porositywhich stands fosecondary porositgi;

Primary porosity ( § is formedwhen the sediment is initially depositddy that reasonit
represent®riginal rock characteristiclt is strongly interconnected and can often be correlated
with permeability since ihas a strong dependenme size, geometry, and spatial distribution of
the grains.

Secondary porosity((), is the consequence pbst depositional geological processBmger
portion of such reservoirs are limestones or dolomites. Typically, secondasjtpisahe result
of solution and recrystallization of porous system.

Generally, matrixs porousandlesspermeale in comparson with fractures, whereas fractures
areless porousut with high magnitude opermeability. f we do na consider the rest of the
reservoir,fractureswould haveporosity values equal to unitthat is, they are entirely void of
rock. However, fracturporosity isknown to be equal tiractureandtotal volumeratio:

5 _ (2.4)

Matrix porosity is also defined with respect to total volunahereasthe matrix porosityvalues
are not identical with unfractured core porosityli ¢ 9 wvadues that aremeasured in the
laboratory, which is related with the following expression

3 3 P 3 (2.5)

Gilman and Kazemi (1983) noted that in naturally fractured systems, the fracture permeability k
is givenby:

B — (2.6)

where - k. is the effective permeabilitgomputed from PBU dataAnother relationship for
fracture permeabilitgescriptionis proposedb y P o i s e in ihé folleving eqliatiow

E vt pmA (2.7)
Where R = fracture width, inches

where it can be assumed that

BA A 28)



And it must be noted that neithgyrior b is an exact representation of the fractures in a reservoir.

The two expressions above can be combined to give the correct width to be usedénwPoil | e 6 s
law as:

A  —— (2.9)

Ramirez et al. (2007) mentiones that natural fractoagsncreasethe ultimateproduction from

the field, but this depends upon tlaechitectureof fracturad zone. As an example, vertical and
subvertical fractures for the reservoir with a high structural relief could incigessegregation

to crestal part of the reservair boost oil gas gravity drainagdowever fractures can eventuate
reservoir channeation in lowpermeabilityreservoirs which can result in earlgas and water
breakthrough Another significant characteristic of the fractures is the strongly reduced-cross
sectional area available to flow.

A number of reservoidescription scenarioaf duatporo reservoirs have been brought forward
for simulatingand elucidating the fluid flow in naturally fracturémtmations Warren and Root
(1963) idealized and illustrated the naturally fractured -goab formationsby a mass of
rectangular blocksas shown in Figure 2.

e Ry

VUGS MATRIX FRACTURE MATRIX FRACTURES

ACTUAL RESERVOIR MODEL RESERVOIR

Figure 2.2 Dual Porosystemby Warren and Root (1963)

Warren and Root, in establishing their proposed model to resembled the fluid flow in idealized
dualporosystem shown in Figure 2.9, exploited assumptions below:



1 The rock matrixencompassinghe primary porosity is homogeneous and isotropic, and
it is consisted of asystematizedarray of similar rectangulacubes The matrix is
resembled by a high degree sibrativity and lower permeability. Despite most of the
hydrocarbon is stocked in matrix, an assumpkias been mad#at fluid does noflow
directly to the well, but it enters the fractures first and then flow towards the well
through the fractures.

1 The secondary porosityefers tosystem ofuniform and continuous fracturethat are
distributed in such a way that each it is parallel to one of the principal axes of
permeability. The fractures are evenly spaced with a steady width. Nonetheless, the
existerte of diverse fracture spacing or width along each of the axes to simulate the
appropriate degree of desired anisotropy.

Warren and Rootsathematicallyproposedmatrixi fracture transfer functiofiio as outlined by
the subsequemxpression

3 Kk—6D D (2.10)

The shape factaiilio is a geometric factor which is subject to the geometry and rifisskre
system characteristic shape, and it has dimensions of a reciprocal of aies dhubtrated by
the next expression:

A - (2.12)

Kazemi (1969)advancedan extensively usettlationshipfor resolving the shape factéwund
on finite-difference which isvritten asthe following expression:

A 1— — — (2.1

where Lx, Ly, and Lz corresponds to matrix blatkensions. Warren and Root indtecedtwo

exclusive characteristics to describe naturally fractured dual poro syEbese parameters are

called storativity ratioy  a interporosity flow coefficients-, respectively and <char
below as the following:

a. The dimensionless parameteresembles thetorativity of the fractures as a ratio to the
total reservoir. Mathematically, it is expressed by:

5 (213
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Storativity valuesssentially ranges withia . 1 t o 0. 00 1. T tstandsfoetheo nd p a |
description of fluid flow from matrix to fracture and specified as the following:

1 —0 (2.19

Most of the suggested models consider that the rivéissures system can be defined by one the
following four blockshape factor geometrieGubicmat r i x bl ocks detached b
as given by the following relationship:

1 — —0 (2.15

where L., stands for théength of a block side.

Sphericalmat r i x bl ocks detached by fractures with :
1 — —0 (2.16

where f,is the radius of the sphere.

Horizontal stratanat r i X bl ocks detached by fractures wit

] ——0 (2.17

where his the thickness of a specifi@cture or higkperm layer.

Vertical cylindermatrix blocksd et ached by fractures with & as g
1 — —0 (2.18

where f, stands fothe radius of amdividual cylinder.

Warren and Root suggested the first identification method of the dual poro system, as indicated
by drawdown semilog plot of Figur210. The curve is characterized toyo parallel straight

11



linesbecause of the two distinct porosities in the reseridie first one stands for the flow from
fracture to wellboreThe lowertransmissivity values, at later timessponds tanixed effect 6
two porosity systemrhose two lines are separated with transitional pefibd.first straight line
corresponds to transient radial flow through the fractures, which is the reasdtsslgpe is
used to find the system permeabilityickness producDue to the fact thahe fracture storage
is minimal, the fluid in the fractures iestantaneouslylepletedalong with therapid pressure
decline in the fractureshich causes further gas release from matrix to fractamesvhich in
turn provokes a decmeent in the pressure decline rate (as shown in Fig@je 2.

4000

A e e

.. Equivalent Homoganeous
- - K’ FResarvair
£ n600 ~
o .
[ ]

asoof *a

3400+ ‘\ 1

33001

10°8 104 102 102 10! 1 10 100 1000

1, hours

Figure 2.3 Pressure drawdownWarrer& RootModd (Kazemi1969)

As matrix pressureeachespressure maintained in fracturethe pressurestabilization is
observedn matrix-fracture systemvhich stands for the second straight line on semilog. plot
must be mentionethat the first straight lineanbe maskedby wellbore storagéWBS) effects
andcannot be seen.
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Figure 2.4 PBU (After Warren and Root, 1963

Consequently, only parametatsfiningthe homogeneous behavioragystem overall kh can

be found Figure2.4 resemblethe BPUdata.As it was shown in pressure drawdown scenario
WBS effects maymaskthe initial straight line on the plot. Iboth straight lines coulbe seen,
permeability thicknesscan be computedsing the following equation:

00 8 (2.19)

2.32 Well Testing in Naturally Fractured Reservoirs

Gringarten (1987) points out that the two straight lines on the semilog plot may or may not be
present depending on the condition of the well and the duration of the test. He concludes that the

it is notcorrectto identify doubleporosity behaviofrom semilog plot

13



In semilog plot, adlustratedin Figure2.4 the doubleporosity behaviogivesan Sshape curve
with the initial portion of the curveexhibiting the homogeneous behavior resulting from
depletion infissures A transitioral regioncorresponds to interporosity flodeventually thelast
portion showshomogeneous behaviarhen pressure is equalized in the reservoir when matrix
contributes to productiors-shape behavior igarely sea in highly damaged wells, and well
behaviormaybeimproperlyrecognizedhs homogeneousedium Additionally, an analogouS-
shape behavior may lbevealedn irregulaty bounded well drainage system cases

Maybe the mostuseful way foridentification of doubleporosity systems is tanplementa
pressuralerivative method Typically, pressuralerivative analysiss a log log plot of rate of
change of the pressure with respect to time. Its application has a number of significant
advantages:

1 Heterogeneitiethat barelyseenon conventionaplotsare moreclearlyseen

1 Flow regimes characteristics ateictly exhibited

1 The derivative ploshowsin a single graphalthoughmany separate characteristics that
would elsewaysequirevariousplots.

1 The derivative approadmhanceshe defirition andquality of diagnosis analysis

Figure 2.5 illustratespressure derivative type curve for cipairo systemThe minimum value

on the plot stands for transition periadterporosity flow that is exhibited between two
horizontal lines. he firstline standdor radial flow originated fromfractures while the second
oneillustratesthetotal systenbehaviour Figure2.5 exhibits at early time, theegularbehavior

of WBS effectswhich deviatedrom unit slopeline to a maximunyielding wellbore damage.
Gringarten (1987)roposes the faghat theparticular shape is a result tife doubleporosity
behavior. So that farestricted interporosity flowif shows to be in & Vs h a p e owhife for m,
unrestricted interporosity hasa n o p-& Im a ghépe

Bourdet and Gringarten (198b)troducedspecialized pressurgpe curvesased on the Warren
and Root doublporosity theorywhich is used to analyze thevell test datafor duakporo
systens. They showed that doubt®ro behavior isa functionof the following independent
variables:

Po
to/Coh
Cp€™
¥

2 ¢é

= =4 -4 —a -

which stands fordimensionless gssure, timeand dimensionles$VBS coefficient G as
defined below:
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Figure 2.5 Pressure behavior of a dyabrosity systeffAhmed 2010
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2.4 Hydraulically Fractured Reservoirs

Tight formations an@specially unconventional formatiotypically require hydraulic fracturing

in order to gain feasible productiodydraulic fracturing is obtained kthe process of pumping
a high pressurdluid into a wellborethat it exceeds its fracture limitth mostcasesa single
vertical hydraulicfractureformedthat propagates in two directions from the wellborte the
formation The fracture wings are 180° apart ahdy are typicallysimilar in size and shape
Mulfracturing is the case for SG and CBM formasavhere a number of hydraulic fractures are
propagated into the formation.

The EPA (2004hasreporedthe list forvariousapplications of hydraulic fracturing:

Boostinghydrocarbon production rates for lgwerm.formations
Boostinghydrocarborproduction rates fodamaged wells;

Joiningthe natural fractures to the wellbore;

Reducingpressure drop around wellbore for sand production mitigation
Reducingpressure drop around wellbore fraraffin/asphaltine deposition minimization;
Gain more aredraining to the wellbore;

Joining the full vertical extent of the productive interval to a slanted/horizontal well:

= =4 -4 -8 —a -8 -9

In order b choose the best candidate for stimulati@atment the design engineer shouhke
into accouninumerousparametersThe mostritical propertiesare the followingfor hydraulic
fracturingtreatments:

ReservoiPermeability

In situ gress distribution
Reservoir fluid viscosity
Reservoir Depth & Pressure
Skin factor

=a =4 —a —a A

The theory and desigehind lydraulic fracturinghas been developed by other engineering

disciplines. At this point certainaspects, such as poroelastic theory, @angue to porous,

permeable underground formations. The noogtialcriterionsar e: Youngdés modul us, Po
ratio,and in situ stresgAhmed, 2010)

Youngds modulus is defined as fithe ratio of stres
to evaluate fracturextentsis mainly based on linear elasticity. In order to apply this theory,
Youngds modulation isafcritidl pagameteaThemmodulus refers to stiffness
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measure of materiallhe morenarrow fracturesre the case faa solid rock when we perform

hydraulic fracturing For the lower values of stiffness, the fractures will be wider. The modulus

of a particularrock type is dependent otthe lithology, porosity, fluid type, and othsort of

variables. TypicalyYoungés modul us a s andvalemreshownaimablef | i t I
2.1for different rock types

Poi s s on 0characterizeta® thei ratio of the relative contraction straindivided by the

relative extension strain

Table2.1Typi cal ranges for Youngbésmod20l0us as a

Lithology Youngbés Modul u
Sandstone 27 5x 10°

Hard Sandstone 61 10 x1¢°

Limestone 87 12 x10°

Coal 0.17 1 x10°

Shale 17 10 x10°

Figure2.6 illustrates tle local stress state at depth for an element of formation. The stresses can
be divided into the following three principal stresses:

g
|

B

O3

Figure 2.6 Local in situ stress
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Wh e re> 1B 3(0Depending on geologit conditions, the vertical stresmn also be the

i nt er medioat emi(nli m).UThesesstressessase narnially compressive and change in
magnitude throughout the reservoir, particularly in the vertical direcfibe direction and
magnitudeof the principal stresses ameportantsincetheyare used to manage

the pressurebligatoryfor creation and propagation of hydraulic fracture
thevertical extenandshapeof hydraulicfracture,

the direction of hydraulic fractures

thestresses trying torush andodgeprop agent duringroducing phase

= =4 =4 =4

The minimum horizontadtressprofile couldbe computedrom thesubsequergquation

s €—, I n 1N (2.2
Poi s s on0s assesdedsiogacoustic lop aata or correlatiofrem lithology. The value

o f Poi s swane$ betweed.R itoo0.4for coal seamsOverburden stressalues are
computedrom density log datalypically, the value for overburden pressure is about 1.1 psi per
foot of depth.Poroelastic constanariesb e t we e n 0 . Bvalues gdnerdlly egualdd i
for hydrocarbon reservoirs

2.4.1Well Testing in Hydraulically Fractured Reservoirs

Interpreation of well testing data in hydraulically fractured formations has increased complexity
due to unknown stimulation characteristi€ingarten et al. (1974) and Cinco and Samaniego
(1981) suggestdthree transient flow modets be taken into aceint in such well testing data
examples(1) infinite conductivity vertical fractureis where there is no pressure drop with the
hydraulic fracture and fractures are depleted instantaneo{&lfinite-conductivity vertical
fracturesi where there is a dain pressure drop within the fracturé€3) uniformflux fractures.

2.4.1.1Infinite -conductivity vertical fractures

Theseare highly conductive fractures which considered can be consideasdndisite. For this
particular case there is no pressure drop within the fractures and flow in the fractures are
considered to be instantaneotikis particularmodelassumeshree flowregimes

1 Fracture linear flow;

9 Formation Inear flow;

1 Infinite actingpseudoradial flow pericd

18



Several specialized plots are usedidentification of each individual flow regim&or example,
plot of pseudepressurev e r s tios gagyproduction caseill exhibit a halfunit slopeon the
early time loglog. Those flowingperiods & asociated withrifinite-conductivity fractures, and
method for diagnosis will be discussed later in this chapter.

2.4.12 Finite-conductivity fractures

These are thlong fracturesnitiated by massive hydraulic fractur@hereduced permeability of
fractures is due ttargeamountof propping agenthat is usedo keepthe fracturesopen As it

was indicated before this particular model takes into account the pressure drop within the
hydraulic fracturesModel considers the flowing four flow regimes:

Fracture linear flow regime

Bilinear flow regime

Formation linear flow regime

Infinite acting pseudoadial flowregime.

To To Do I

2.4.13 Uniform -flux fractures

A uniform-flux fracture irefers tothe case when flow ratfom formation into hydraulic
fracturesis uniform for entire fractureextent The particular model is somehow similar to
infinite conductivity fractures at some poinfde main distinguishing feature is showed out at
fracture boundariesThe system is charawized by a variable pressure along the fracture and
essentially showslinearand infinite acting pseudoradial floegimes

The general solutionappears to be written in dimensionless variabl€ke following
dimensionless groups araplementedor thesake ofdata analysis:

Dimensionlessiffusivity: — —_—
Dimensionlessitne: 0 — 0 0 —
Dimensionlessa@nductivity:' 0 ~ —— —

: . o 8
Dimensionlesstsrage:0 _—
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Dimensionless pgssure 1) ; for gas

Dimensionless radius —

Notice that the equationedicated aboveare written in term®f drawdown testsGenerally, a
fracture could be classified as an infirttanductivity fracturefor the case whekRcp is greater
than 300. The dimensionless fracture conductivigy 5 defined as the ratifracture flow
capacityto the ability of the reservoir to deliver fluid to the fracture.

It must be addethat fracture conductivity will redudée well life due tofollowing:

A Increasing stress on fracture due to increasing stress on the proppant due to decline of
bottom hole flowing pressure

Crushingof the propping agent

Embedmentf propping ageninto the formation

Non-Darcy flow effects

Damagdrom fluid loss additives

To To Do I

The impact of thdluid flow additives on fracture permeability can hessessedy Cookd s
theoretical modg1973)which is expressed as the following

Q 0 — (2.24)

The productivity indexglcanroughlybe estimatedusingthe equation below

(2.24)

Thereare fiveflow regimes, as shown conceptually in Fig@ré associated with the three types
of vertical fractures:

Fracture linear flow

Bilinear flow

Formation linear flow

Elliptical

Infinite acting pseudoradial flow

= =4 =4 -4 A
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Figure 2.7 Flow regimes in a vertically fractured well (after Cidoey and Samaniegd.
1981)

Below are specializeg@lots foranalysis of a specific flow regime:

A Gr aph olo CgigRlineae ftow u s
A Gr aph olldo gfgdbiknear flow s
A Graph of op versus | n(A+B) for elliptical f
A Graph of @p versus |l og(fldwme) for infinite act

2.4.14 Fracture linear flow

For this particular flow regime the main source of production is gas expansion within the
hydraulic fractures. The data @ata duringfor this particular flow is analyzedith qopvs.

Vo "Qplot. Unfortunatelythemr t i cul ar fl ow regi me doesndt ha:
a very short tome framd=racture linear flow regime exists for the case when dimensionless
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hydraulic conductivity exhibits values more than 3Gthco&Samaniego (1981) observed that
thisfracture linear flow ends when:

0 (2.25
The dimensionless pressure response at the wellbexpilisssed as
n — "= 0 (2.26)
Hence for oill,
n n —— — (2.27)
For gas,
an an _ — (2.28)

wherg and| are unit conversion constants.

2.4.15 Bilinear flow

Bilinear flow occurs when twdifferentlinear flowsi from fractures and formation happens at
the same timeThe bigger portion of the fluid are originated from the formatfctual valueof

the fracture conductivitean be foundrom this flow regime The pressure drowithin the
fracture is important for the finite conductivigcenario.However, for infinite-conductivity
scenariobilinear flowis not exhibited as there is no pressure drop within the fractures and they
are depleted almost instantaneoustgnce identification of bilinear flow period isf a great
important, as:

A 1t is notpossible tofind a unique fracture length from well bilinear flow period data. If
these data are usédr fracture length determinatipmve will get much smallefracture
lengthcompared tahe actuabne

A The actual fracture conductivity can fmeind from the data corresponding bilinear flow
regime Cinco and Samaniego (1978, 1981) suggest that change in the wellbore pressure
can be described by the following expressifamghe particulaflow regime:
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For fractured gas wells

-in a dimensionless form

& B_ 5 7 (2.29)
or
aEQ  aéB— -—aid@ (2.30)
in terms of pseudo pressure:
Vo ———— 07 (231
or equivalently:
yan a of (2.32)
Taking the logarithm olboth sides gives:
a e da n ae -0 €A (233

Equation2.31 indicates that a plot ofpm( p) v e M*®uasCartesian stalg¢ would produce
a straight line passing through the origin with a slopalofear flow data as

For GasCase
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(2.34)

or

o — - (2.35)

Similarly, Equation2.32 suggestt h a t a plot of o@p orilgpsale) versus
would produce ajuarter slope straight linend whichis the diagnostic tool foridentification
bilinear flow regimePlot exhibits acurvature thamayconcave upward or downward depending
upon the value of the dimensionless fracture conductiwiben bilinear flow ends.For
dimensionless fracture values beldw6, the curve will concave downward attte upward
concaving behavious observed for the case when dimensionless fracture conductivity is more
than1.6. The upward trend an indication of the fadhat fracture tipis beginningto affect
wellbore behwior. If the test has not beadequatelyong for bilinear flow tobe endedfor Fep

> 1.6casethenit w o n 6 possible tovithdrawfracture length valuescp, O Ivalug@sare an
indication of the facthat fluid flow has changed from one two-dimensonal flow regime. In

this particular casewe are not abléo uniquelyjudge onfracture lengthvalueseven if bilinear

flow ends during the test. Cinco and Samaniego (1978, 198iposeghat the dimensionless
fracture conductivityvaluescan becomputedrom bilinear flowpressure datat which the line

e n d sy, agqusingthe followingexpression

For Gas Case

L J— (2.36)

The end of the bilinear flow straight line dependenbn fracture conductivity andould be
computed from equations indicated below

O o o] € —

)
5
N
=,
S)
°
e
(0]

p® O o 0O
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2.4.16 Formation Linear flow

This linear flowregime is the case forFcp > 300scenario As for the fracture lineaflow, the
formation linear flow pressure data collected during this pesiamivs a strong correspondence
with fracture lengthand fracture flow capacityThe following diffusivity equation describes
pressure behavior corresponding to this particular flow regime, as the following:

— = — (2.37)

The solution to abovmentionedinear diffusivity equation can based forto both fracture and
formation linear flowregimes with the solution as given in a dimensionldesm as the
following:

) 8 (2.38)

or for real pressure and timasthe following

—— o8 (239

wn

The particular flow regimeexhibit ahalf-slopestraight lineonalogl og pl ot of op
asit is indicatedin Figure 28. Another diagnostic presentation of pressure data points is the plot
of pp or m( p) aw sales(asshownnFigwe 29),amhichessuldproduce a
straight linewith a slope of m related to the fracture length by the following equations:
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Figure 2.8 Pressure data for a 18bope straight line in a léd¢pg graph. (AfterCinco and
Samaiego, 1981)
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Figure 2.9 Squareroot data plot for buildup te¢fhmed, 2010)

Fractured Gas Case

(2.40)
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The straighiine relationsips as illustrated by Figures82and 29 provide distinctive and easily
recognizable evidence of aafiture. Agarwal et al. (1979)mentioned thathere is a curved
portion before the liner one which refers ftacture linear flow. The duration of the curved
portionis a function offracturecorductivity. The begining of formation linear flowis closely
associated with fracture conductiviipd can be approximated from the followigpression

o — (241)
And the end of this linear flow periaahd of lineaiis approximatelydefinedas

0 ™®p (242)

Having known these two points we can make estimation of fracture conductivity from its
specialty plot using as indicated below:

O T8ip g (2.43)

where ¢ and t; are given in hours.

2.4.1.7Elliptical Flow

Elliptical flow is one of five distinct flow patterns around a hydraulically fractured well (Fig.
2.10) (Cinco&Samaniegp 1981). As Prats demonstrated (1961), elliptical flow geometry
dominates the fluid fiw in a vertically fractured wellln case ofan infiniteconductivity
fracture, equipgssure lines are confocal @dés with fracture tips as fodtig 2.10). For a finite
conductivity fracturescenarioflow geometry between the fracture tips is not elliptivatause

of theextra pressure drop in fractyteut flow geometry is still essentially ellipticaway from
hydraulic fractures
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Figure 2. 10 Pressure distributiorfer variousmatrix/fractureproperty scenario§Cheng, 2009)

Hale and Evers (1981uggestedn approximate unsteaebtate elliptical flow solution for an
infinite-conductiviy fractureflowing well scenario The particularsolution models behavioof
pressure transiesfrom linear to pseudoadial flow (Eq 244):

n aeo 0 fw (2.44)

fIA0 andfiBO - arethemajor and minor serraxes, respectively, of the particular ellipse.
0 6 (245)
Hale and Evers (1981) selectgg 0.318 tospecifythe onsetof pseudosteadstate flow, agor

a linear systemyhereadp. is the dimensionless time defined with B as the characteristic length,

Y A— (2.46)

fiBois thenfound by the following equation
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— — 3 (2.47)

wherefnBo represents the depth of investigattorthe formation. Having known the fact thite
v a |l u eBs is a functionof time, Eq.2.44 expresses thgansient flow. In Eq2.47, tpy is the
time usingx; valuesas the characteristic length,

R — (2.48)

Fot the values oftselected to b8.318, theiBo becomegqual to

6 TBIC Y 7 (249

This e value is applicableto portray an early ime elliptical flow that resembles linear flow

when fracturdip effects are not evident. Later, as fracttipeeffects become significant, the

el liptical flow geometry near Istudy nel968 thé | e s re
dimensionless time of¢ neededto gain stabilization within a defineddrainage region for a

radial system isequal to- 0.38. Substituting # value intothe equationwe will get the

following definition for ABO:

6 m8igQex * (2.50)

Theexpressiorof pp is given by the following equation:

n  ———a (251)

Dimensionless pressure respongese estimateavith modified B valus (Eq. 2.50). As it was

anticipated the particularsolutionfor | i near flow is closerinto Hal
comparison withRileyd solution.But, due to the fact thawe are going tanodel the elliptical

flow regime, the value oft with thebest natch (0.38) is the preferred value in this time region.

Elliptical flow exhibit a straight line on a serwg graph ofpseudepressure drops. In(A+B).

This formula is applicable fanfinite-conductivity vertical fracturecenario
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Substituting the definition oflimensionlles pressur@qg. 2.51) into Eqg.2.44, we can use the
slope and x axis intercept values to find hydraulic fracture and formation permeability values as
the following:

Q0 — (252)

and

® Qo (2.53)

Thestrategyto analyze thaelatato find formation permeability and fracture hddingth isshown
belowas follows(procedure is iterative)

1. Take initial guesses fdormationpermeability and fracture hakéngth values

2. ComputefiAoandiiBo v auking&gs. 25 znd 2.50, respetively.

3. Plotgn) vs. In(A+B) andspecifya straight line.

4. Assessformation permeabilityand fracture halfength using slope anc-axis intercept
respectively

5. Updatepermeability andracture halflengthestimates and iterate tonverge

It must be mentionethat thecomputationsof formation permeability and fracture hddingth
for a single iteratiomloes not bear any dependence on each.other

For finite-conductivity vertical fracture¢Fcp<300) additional pressure drogxists within the
fracture Pratsshowedthat, for an infinite conductivity fracture, the effective wellbore radars
be assessaib the following

J— (2.54)

Later on Meyer and Jacot (200Syggeste@naccuratdormulaas the following:

— — ¢ (2.55)

If we apply Eq2.54 to a finiteconductivity fracturescenarigit yields
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J— (2.56)

where X is the effective halfengthfor a finite-conductivity fracturescenaricand isidenticalto
one of thenfinite-conductivity fracture. Substituting E8.55 into Eq. 2.56, we obtain the ratio,
R asindicatedin the followingexpression

Y — — p (2.57)
Consequentlythedimensionless pressure will bee following
n ae— a£YZ0 Yz 0 VI (W (2.58)

For finite-conductivity fracturescenarig effective fracture halfengthis thensubstituted into
Eq.2.44. If we define A" and B as

60Q Yz 6 (2.59)
and
00 060 (2.60)
Then B has tobe rewritten as:
D) a £00Q 6Q7Tw (2.61)

From te final equationwe can sedhat elliptical flow data for a finiteonductivity fracture
exhibits a straight line on @emilog graph ofux] vs. In(A™+B’). For the finite conductivity
fracturescenario we have two independent iterative procedures: One for, determinatiancbf
X; valuesiteratively; andsecond, tdind Fcp valuesiteratively. The steps in the first process are
indicated below
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1. Take initial guesses fdormation grmeabiliy, halflengthand fracture conductivity values
2. Calculate Aand Bvalues

3. Plotgn) vs. In(A'+B’) and identify a straight line.

4. Computepermeabilityfrom theslopeof the straight line using E®.52 andfracture half
length valuedrom the xaxis interceptising Eq2.53

5. Updatepermeability and fracture hakngth valuesand iterate untithey convergeFcp
values retains the same value for the convergence process of permeability and fracture half
length valuesThereinafteras a second step we move on to deterifRipéeratively.

6. Plotax) vs. t*andanalyze the straight line

7. Calculatefracture conductivity from the slopsf specialty plotand permeability valuegrom
the firstprocedureBilinear flow is modeledby (Lee et al. 2003):

B ——0 (2.62)

Combining equationgq. 248, 2.51 and2.62 we get:

0Q (2.63)

8. Update Ep and the estimated k;,»>and wk values from Steps 4 and 7.
9. Repeat Steps tb 8 using updatedialues permeability, fracture halength and fracture
conductivity valuesintil the convergence iattained

2.4.1.8Infinite acting pseudoradial flow

For the particular flow regimeflow behavior isidentical to radial flow with a negative skin
effectdue to the presence bydraulicfractures. Ssmilog and loglog plots ofpressure vs. time
is usedfor interpretation purposesduring thisregime. Below is the example dfawdown data
which can be analyzed bydtfollowing equations:

9 B —> 4é@ aéQ— o' 0 T@K (2.64)
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orin a linear form as;:

I WA S O o) (2.65)

with the slope m of:

a«a — (2.66)

Solving for the formatiomapacity gives:

7 8

(00 (2.67)
The skin factor s can be calculated by:
i ppup— GEQ— oORO (2.68)

We have to make sure that the slip@enticalwhenpreparingsemilog plotfor BHPvs. time,
then:

i ppuvp— GEQ— OB O (2.69)

T h e 1w gapbe computed by the following expression

6« - (2.70)

If we solve the equation stated abdve r 1, dpgves:

wn Wy a (2.71)
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2.5 Rate Transient Analysis (RTA) in Shale Gas Reservoirs

Ratetransient analysis (RTAgtands forproduction datanalysis,which implementsconcepts

similar to PTA. Some significantdevelopment foRTA methodwas made for conventional
formations in past four decadesRTA essentially makes simplifying assumptions about
reservoir,stimulation and fluid propertiegor SGandCBM reservoirsthe following properties

makeanalysis much moreomplex(Clarkson et al., 2032

1. Gas desorption

2. Extremely lowmatrix permeabilitywalues which is why transient flow period lasts a lot

more than for conventional formations

Two porosity or duaperm behavior due to the presence of natural fractures

Multilayer beds, and geological heterogeneities

5. Stres-dependent porositgérmeability due to presence of strongly compressible
fracture pore volume

6. Shrinkage effectaissociated with gas desorption

7. Gas & water multiphase flow

8. Non-Darcy flow,which encompasseikffusion and slipflow effects

»w

Somecorrectiors for 1, 5, 6, 7, §oints requirechangean primary variables used for RTAuch
as implementatiorof pseudevariables thatcapturein fluid property adjustment ofeservoir
characteristic andiesorptioneffects If this procedure is properly implementediata will be
compatible for analysis undsinglephaseslightly compressible fluid conditions

Short and londgerm production characteristiésr unconventional gaormationsare influenced

by hydraulic fracture geometrfpue to the fact that theulti-fractured horizontal wells are now
essentially implementeidr SG developmeniuantitative characterizatioaf hydraulic fracturs
showsto be of a complex manner, so that initiafeacture geometrieare rarely similar to
convent-wbngb fdiueemgeometrfhat is theprimaryassumptiorin conventional
formations For the case of initiation ofomplex geometries characterization concept of
stimulated reservoir volume (SR Mayerhofer et al., 2010} implementedwhich makes
reservoir andgtimulation characterization to be indivisible due to the fact that hydraulic fractures
serve in defining the fieldlt is a big challengeo separate those two for the sake of
characterization of the reservoir and hydraulic fracture which is impacteaybgoanbination of
completion and stimulation method applied on the field which has a keypmalee type and
sequence dflowing regimesthat areobservedandconsequentlfhe methodsmplementedor
analysis.
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2.5.1RTA Concept and Flow Regimes

RTA is similar to a pressuredrawdown test, where the well @gpened for productioagainst

known wellbore constraintfor a sufficiently long timei for the whole life of the wellln
conventional wettest analysis, a short drawdown perisdollowedby long PBU period where

these test periodsan be used for diagnosisf reservoir and/or hydraulic fracture properties.
Thosetests areessemtiallyconductedn a rangeof daysin strongly controlled conditions where
dataacquisitionis more frequentandaccurateIn case ofRTA, the flowing periods generally

equal toproducing life ofawell, which may be interrupted by shint periods. In case of absence

of downhole pressure gauges the quality and acquisition frequency is much lower in comparison
with well testing analysis

The staring point for RTA is flow-regime identification The most commormmethod is
implementation of pressure derivative functimihratenormalized pressur@RNP) againsttime
on a log log plot. Theuse ofBourdet (Bourdet et al1983, 1989)method is implemented for
derivative calculationsThe implementation of pseudimne functionwas performed in order to
get dataequivalentto constant rate conditien and account for desorption and gas property
changes.Having identified prevailing flow regimes in the reservpive can use some analysis
techniques for the sake of determination reservoir characteriBtiesexample in Fig. 21is for
vertical well, infinite conductivity hydraulic fracturesompleted in éooundedhomogeneaos
tight gasreservoir For the particular exampleghe following flowing regimesshow out
formationlinear, elliptical, pseudoradial and boundadgpminated flowregimes If there isan
additonal pressure droglong the fractures occurrimgncurrently wih formation linear flow it
gives rie to bilinear flow regime Fracturelinear flowregime can be showed outearly times
for finite conductivity fracture scenaribut this flowregimeis essentiallytoo short to beseen
and does not have apyactical use in reality.
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Radial Derivative Plot
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Figure 2.11 (a) Flowregimes associated with a slighliimulated vertical well subject to
constant flowrate, (b) Identification of flowegimes for a simulated (nestimulated) vertical
dry coalwell (Clarkson 2011)

Fig.2.11 is an example of constant BH¥ertical well with a singlenfinite conductivity
hydraulic fracturefrom homogeneouisbtropictight gas reservoir simulation moddlaterial
balancetiime functionhas been implemented convert the constaBHP to equivalent constant

rate conditions. In this particular example, three flow regimes are identified as linear, radial and
boundary dominated flow (BDF) which corresponds to half, zero and unit slope respectively on
the particlar plot. Additionally, atransitional elliptical flow periodexistsshowingnortlinear
behavior on thelerivativeplot between linear and radial flosegimes

The sequence of flowingegimesis muchmore complicated fomulti-fractured horizontal wells
(MFHW) as shown in Figur@.12a. (Chen and Raghavan, 1997; Raghavan et al., 19830re

2.12 standsfor an example fromMFHW with multiple infinite conductivity planarfractures
simulated for the same conditions as in the first examipkerference betwen hydraulic
fractures may appear which will be observed as a BDF froAbpglot of RNP derivative. In
comparison with previous exampleere is a possibility of observirtgo linear where the first
corresponds to formation linear flow whereas the seamre stands focompound linear flow
which is an indication of the flowperpendicular to effective wellbore length (Chen and
Raghavan, 1997; Raghavan et al., 1997; van Kruysdijk and Dullaert, 1989).
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Radial Derivative Plot
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Figure 2.12 (a) Sequencef flow-regimes for a multiractured horizontal well with planar
infinite conductivity fractures, (b) Radial Derivative plot of MFHW (Clarkson and Beierle,
2011).

RNP derivativeis used for flow regime identificatioffFig. 2.120); the results may be cqietely
different depending on frespacingand reservoir characteristiCBhe earier sublinealoccus as

a consequence of skin effectgshich haseither mechanical or due to flow convergence
characteristicéNobakht and Mattar, 201 2racture spacing ihe key parameter which controls
duration of early radial flowyNobakht et al., 2012a%imulation gridblock pressure gradients are
of a great importance fovisualization of flow regime sequences in the fiel@ihe primary
distinguishing featurdRNP derivéive behaviorbetweenshales and conventional reservass
that there is ntransitional flow regime after early linear flow.

Having identified all the prevailing flow regimestopluction analysiss implemented for the
sake of determining reservoir argimulation characteristics of the wels discussed by
Clarkson and Beierle (2011) there alistinct production analysis methods thee commonly
usedfor interpretation olinconventional gaformationas indicated below

Straightline Analysis

Typecurve methods

Analytical and numerical simulation

Empirical methods

Hybrid methods which is the combination of analytical and empirical methods

abrwne=
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2.5.2 Straight Line Analysis

These analysis methodse identical with thosthat areused inPTA (Lee etal., 203). Having
identified prevailingflow regimesusingRNP derivativefunction onlogi log plot, each of those
flowing regimes is analyzed using the designed specialty pMist of these solutions were
derived for drawdown wellests, as discussed (hee et al., 2003)The solution for elliptical
flow regime wassuggestedy Cheng et al. (2009). As will be discussed bel®&MP function
superposition time functions aimplementedfor the sake of accountingariable ratéBHP
productionand pseudwariables aredeployedin order to handlegas property changes with
respect to prevailingoressure. These transformationsnake eligible the use of analysis
techniqueshat works forslightly-compressibldluid scenario

Different flow regimes allow us to find a particular hydraulic or reservoir property. From the
fracture linear flow region we can determine the productfra€ture width and fracture
permeability bilinear flowregime hydraulic fracture conductivity ifve already haveeservoir
permeability valuesfrom the formation lineaflow, hydraulic fracture halfength can béound
usingthe slope of linear specialty plot\fe already have estimatgermeabity values.The
elliptical flow regimeanalysis was recentlsuggestedy Cheng et al. (2009The outstanding
featureof elliptical flow regimeis that it does not appear as a stralgie¢ on a semiog RNP
derivativeplot, and this particular flow regime is used for thake of estimation of hydraulic
fracture halflength and reservoir permeability valuBermeabilitymay alsobe extractedfrom
slope of the radial specialty pldtom the data corresponding to radial flow regirR@ally,
OGIP value can beassessedrom the xintercept of the specialty pldtom production data
region corresponding BDF period

2.5.2.1Fracture Linear Flow

On the radial derivativef rate normalized pressure functjdracture linear flowshows to be as

a halfslope region for infinite conductivity fractures. For the cases when hydraulic fractures are
finite conductivity the value may exceed the value of 0.5 oHdgglot. This represents early
transient linear flow in the fracture systenly.

oM —2—— (272
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where m is the slope obtained from the plot e————vs 0 , and the previous equation

is used to determine the fractured permeability if other propertidsaven.

2.5.2.2Bilinear Flow

It is caused by simultaneous transient flow in the fracture system and matrix.

v o —2 (273

where ma, is the slope obtained from the plot e————vs 0 , (Clarkson an Beierle

2011) andf matrix permeability is known we can extract fracture conductivity values.

2.5.2.3 Formationlinear Flow

This flow period appears right after transition period stated above in the c&3e ofc 1 &nd
it is spottedas a half slope on ldigg plot of radial derivative. Analysis equation is

o o — (2.74)

where m is the slope obtained from the plot-ef————vs 0 , (Clarkson ad Beierle

2011) and the previous equation is used to determine the fractured permeability if other
properties are known.
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2.5.2.4 Elliptical Flow

This flow period is the case for the extoav permeability reservoirs with long hydraulic
fractures. It is very practical for use as it is often the case for unconventional formations when
radial flow is not achieved but there is sufficiently long eltigtiflow period.This flow period
corresponds to the region happening just prior to pseudoradial flow on the RNP derivative plot.
This is an iterative procegdiscussed earlier in this chaptefhalysis equations are:

QT — (2.79)

and

O Qo (2.76)

Additionally, for finite-conductivity fracture case process includes two iterations to find 1)matrix
permeability and hydraulic fracture h#dingth; and 2) fracture conductivity values.

(2.77)

where m is the slope obtained from the plot eF——vsa & 6 , (Clarkson an
Beierle 2011) .

2.5.25 Pseudoradial Flow

The flow period show$o have a zero slope on RNP radial derivative pitatrix permeability
and damage skirare primary deliverabls from the particular flow regime data. Analysis
equationare
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E — (2.79)

and

O pdpu p—e)Q lT€— o]0 (2.79

where mg is the slope and ks the y axis intercept obtained from the plot-ef———vs
I T @Aplot (Clarkson an Beierle 2011) .

2.5.3 Pseuddime Function

It can be analytically shown that squaoet-of-time (RNP vs squarmotof-time) plot is
dependent on the production rate (Rif3). Depending on the production regquareroot-of-

time plot may deviate froma straight line during linear flow (Morteza, 2012jkewise the

higher the production rate the earlier the plot deviates from the expected straight line. This
deviation brings to front someerrors for data interpetation, especially for flow regime
identification. For that reason, psetiilme function is incorporated for data analyfseude

time is a mathematical time function that accounts for the variable compressibilig¢c
viscosity (i) of gas as wellsaithe variable total (formation) porosity (f) with respect to time and
pressure.
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Figure 2. 13 Squareroot-of-time plot for various flowing rates (Morteza, 2012)

In well testing, analytical equations are solved after making certain assumptiogeneiral
four assumptions ataken into accountThese are:

Total system compressibility Jds constant
Gas viscosity (}) is constant

Total porosity Q1) is constat

Fluid saturations (and §) are constant.

= =4 -4 -

For gas, most of the assumptions listed above are no longer valid. Gas compresg)bitiygs
significantly with pressure. Gas viscosity,X and gas compressibilityfactor also vary with
pressure buhot to the same degree. Pseydessure and pseudimne (t) are used to deal with
these changing properties and linearize the flow equations for gas. With the introduction of
pseudepressure and pseutione, the gas flow equation can be written in a nearsimilar to the
liquid equation.It should be noted that the concept of psetich@ is notsusceptibleto a
completely rigorous solution, as is the case for psguessure, because the gas properties
change with pressurbut not with time. Pseuddime was developed by Agarwal (1980) and he
characterizeghseudetime functionin terms of the viscosity artdtal compressibility at wellbore
conditions Time functionhad negligible effect on late time data, and wassentiallyused for
PBUsonly. Later on,it was realized that the Agarwal definition of pestioe for buildups,
was incompatible with BDF. Likewise Agarwal pseuddime definition showed to be not
capable of handlinthe problemdue to the fact that was using a simplified version of the @bt
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system compressibility {c Later onBlasingamehasintroduced a new definition of pseudo
timein order to handle depletion effeckde suggested defining pseutiime function in terms of
average reservoir pressure rather than at wellbore condifibesiew pseudetime correction
(Eq2.80 appeared to be working under BDF conditions

(@}
>
|

(2.80)

However, when transient flow prevails, the psetid@ concept is not valid and its use can
create anomalous responses. This will occupw permeability systems or in reservoirs with
irregular shapes, especially where some of the boundaries are very distant from the well.
Anderson and Matta2005) showed that, in reservoir with significant transient flow, it was
more appropriate to defingseudetime in terms of the average pressure within the region of
investigation rather than the average reservoir pressure and finally corrected-fiseudas
introduced which calculategalues at reference pressure within the area of influefbe.
following procedureshouldbe followed to analyze linear flow production in case of corrected
pseudetime:

1. Plot RNP va/1Con Cartesian coordinates in order to determine the slope of the line, m
2. Using the slope determi@VIE value using the following equation:

BVE 8

(2.81)

3. Calculate the average pressure in the region of influence at different times using the
following equation:

- = P 8—V|_|7IO (282)

4. Calculate the corrected psedtiime for constant ratproduction, £, from Equatior2.80
and by using the average presduarthe region of influence (Fig. 24)
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Figure 2. 14 A hydraulically fractured well in the center of a rectangular refidorteza, 2012)

5. Plot RNP vs O on Cartesian coordinates in order to determine the slope of the line, m
6. Using new slope values calcul@#IE using Eqation 2.81
7. Continue Steps-8 until @BVE converges.

For the sake of incorporation of complex reservoir behavior in the straight line analysis for CBM
and shale gas reservoirs is through the alteration of paanddunction. Alterations have been
made for a) adsorption (Ex83),

(2.83

O
N
—t
p
N
N

where

(2.84)

p3]
p3]

b) nonstatic permeability (EQ.85),
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(2.85)

(@}

and c) norDarcy flow (Egq2.86)

(2.86)

O
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CHAPTER 3

STATEMENT OF PROBLEM

In recent yearsliverseanalyticaland numerical analyses weexecutedor characterizatin of
unconventional reservoir$ressure transient characteristafsunconventionaformationsare
crucial for both evaluation of fracturing treatmeand overall inestimaton of fracture and
reservoir parameters angroduction forecastingpf a particular field. However, ultra-low
permeabilityis the main constraint for such analysis as it needs longer dwwdtiowell testing
data.Production dataf such formations is the main source that is used for the utilization of the
fracture and matrix properties in this particular study.

The particular studyis based onutilization of diverse well testing analysismethodsfor
productiondata extracted from thghale gassimulation model The objectives of this thesis
work are: 1) toemploy analysismethodsestablisled for hydraulically fractured wells tihe
shale gas simulatiomodelto understand thepplicability of themethods on unconventional
systems; 2) compare the values fodnod different flowing and fracture stage conditions; 3)
determine drawbacks aftilization of the conventional well testing met® on synthetic shale
gas field, 4) to undstand how to apply analysis techniques to handle flow regime identification
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CHAPTER 4

SIMULATION MODEL

Initially, a 3D layered model grid waesignedErturk, 2013)and petrophysical properties were
assignedby Petrel.As the next stepEclipse 300- numerical compositional simulatowas
adoptedto examinescenario®f horizontal wells with multi stage hydraulic fracturing for shale
gas reservoir. The 3D grid which has 32500 cartesian blocks (Nks225, Nz=52)designed
with four intervalshaving thicknesses of 5, 9, 15, 19 meters, and used fecatlarioy the
way of updating the specific properties of each sysf€he horizontal wellis designed to have
800 meters of effective lengthat iscompleted in shale gas reservoir with the thicknesiof
meters in our particular casé.ater on, oneo threehydraulicfractures with 250 meters fracture
half-lengthwas designed in the modédlhe cetails forthe simulation model are shown in Table
4.1.

Table 4.1 Simulation Dataset for Shale Gas Reservoir (Erturk, 2013)

Parameters Values

Matrix Fracture
Permeability in X direction, md 0.0004 0.0004
Permeability in Y direction, md 0.0004 0.0004
Permeability in Zirection, md 0.0004 0.0004
Porosity 0.04 0.002
Net Thickness, m 9 9
Sw 0.1
Average Reservoir Temp., C 92
Langmuir Pressure, bar 46.89
Langmuir Volume, kg 0.0118
HF halflength, m 250
HF height, m 9
Rock Density, kg/rh 1434
Rock Compressibility, 1/bars 7.25E05
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Increased permeability for the grid blockas applied for 9 meters interval where permeabilities
are set in a logarithmically decreasing manner in vertical and horizontal directions. The
permeability distributiorfor refinedgrid blocks(5" layer)is shown in Appendix G.

Simulation scenarioswere condicted using Eclipse 308oftware. Following are the key
modeling parameters of studied unconventional gas resources:
x  Dual Porosity System

X

Natural Fractures
A Fracture Spacing, Aperture, Length
A Natural Fracture @entation
x Hydraulic Fracturing
A Fracture Half Length, Height, Width,
A Hydraulic Fracture Distribution
x  Dynamic Permeability
x  Adsorption Isotherm

x Geomechang

4.1 Dual Porosity Modeling

Shale gas reservoirs are naturally fractured systems and typically modeled as dual porosity
system. In shale gas reservoirs, natural fractures are narrow and sealed owing to the pressure of
the overburden rock (Gale, et al. 2007) and they must be stadulatreactivate the natural
fracture matrix. Dual porosity approach was proposed by Warren and Root to separate the flow
within fracturesand flow caused by contribution from the reservoir mafii¥arren & Root,

1963). The reservoir isharacterized bywo overlaping continua- with fracture networks

serving the role of primary contribution to floand matrix blockswhich holds the role of
storage. The interaction betweemsbtwo continua is controlled by shape facforitgrm that

can be evaluated wttypical dimensions ahatrix blocks(Kazemi, 1976).

The shape factor may be expressed by analytical derivations, numerical derivations, and time
dependent functions. Several authors proposed shape factor constant but Kazemi and Gilman
type of shape factds mostly utilized in the numerical simulators since it is easy to apply. The
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-fracture ioterface areafper unit bulk eolummeaand Kiazemi

o

shape factor (0)
the following form for u:

has proposed
A 1T— — — (4.1)

where Lx, Ly,and Lz are typical X, Y and Z dimensions of the blocks of material making up the
matrix volume and they refer to fracture spacing in represented directions and also Lx, Ly, and
Lz are thus not associated to the simulation grid dimensions.

In a dual poros$y reservaoir, fluids exist in two interconnected systéRigure 4.):
- Rock Matrix System

- Rock Fracture System

WELL

L] MATRIX

EIEEEEEN
OOy ™™

DUAL POROSITY SYSTE
SEPARATION OF FRACTURE
AND MATRIX SYSTEMS
WELL
MATRIX SYSTEM FRACTURE SYSTEM

Figure 4. 1 Rock matrixfracture system reservoir modélelson, 2001)

Matrix blocks are linked onlpy fracture system having no connection among individual matrix
blocks and thus flow occurs only within the fracture systéfar the sake of modelinguch
systems, simulation cells atennectedvith each block in the geometric grid
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4.2 Hydraulic Fracture M odeling

For the sake ofmodeling of hydraulic fracturing on the synthetic fietetthodsstated below
were used

Grid refinement
Multiply permeability
P1 Modification
Negative Skin

= =4 —a -8

An assumption madeat the fractures lie in the single plane of local grid cells that approximates
therealgeometridractureorientation.Grid refinement is symmetricallpcatedwithin the plane

of host cells and the X, Y, and Z transmissibility multipliers for all getls intercepted by the
fracture are assigned according to the position of the grid cells siackytraulic fracture
conductivty is reduced away from the wellbore and above the perforation landing Gdutg.
werecreateddistinctly for vertical andateral well configurations. For the vertical well of shale

gas and tight gas cases, the grids located in the middle layer of each zone with 5x25 blocks along
| and J plane of host cells respectively. For the horizontal well of shale gas and tight gas case
the local grids located in the middle layer of each zone with three stages 25x5 blocks along | and
J plane of host cells respectively.

Figure 4.2 Local Grid Refinent of Hydraulic Fractures for Multilateral W@llehmetCihan
Erturk, 2013)
The decreasing conductivity of hydraulic fractures of these two distinct systems in the reservoir
was regulated with different permeabilities that have smaller values away from the wellbore in
the horizontal and vertical directions. Beearrangements are represented in the Fig@rior
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the horizontatompletion scenaridistance between the refined grid blocks is one grid block or
100 meters.

4.3 Adsorption Modeling

Adsorptionterm isdefined as gas molecules that are accumulatetiesurface of a reservoir

rock (Montgomery et al, 2005). The amount of adsorbed gas is determined in gas volume per
unit mass (for example, scf/ton) and is affected by various factors such as naturesalfdthe
sorbent, temperature, pressure etc. In some circumstances, it has a huge impact on the gas
production. The diffusive flow between the matrix and the fracture is given by adsorption or
diffusion models. The adsorbed gas concentration on the suiffélee ck is assumed to be a
function of pressure and only described by a Langmuir Isotherm that is entered into system as a
table of pressure versus adsorbed concentration.

In shale gas module of Eclipse, the pore volume of the matrix cells has antliffeegpretation

than for an ordinary dual porosity run; it gives the shale volume of the cell, using the time
dependent sorption model. By default the porosity is set to unity minus the porosity of fracture.
The cell bulk volume times the porosity thaquals the shale volume.

It is possible to choose between two types of adsorption model: instant and time dependent. In
our simulation cases, tirdependent sorption model was used. For the time dependent method,
a simulation cell either contains free gasaipore space or adsorbed gas in the rock. The rock is
characterizedy a singlesimulation cell and connecting simulation cell. A cell having a-non
zero coal region number as set by COALNUM, it needs to specify a porosity value that
corresponds to a rodkaction value. For cells having a zero coal region number the porosity
value correspond to the pore volume fiaetas illustrated in Figure 4.3

COATMNUM 1 0 1 8] 0

Eoek Porv Eock Forv

Matrix subeslls Fracturs

Figure 4. 3 Representation of matrix diffusion (Eclipse 2011 Manual)
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If pore wlumeto-pore volume connections exigtermeability values also ne¢d be input in

order to compute the transmissibility between the matrix subgrid cells. The diffusive flow
between the matrix and the fracture is a function of molar density in the roagifshale,

matrix fracture diffusivity, rock density, diffusion coefficient, and gas saturation. In addition, the
matrix fracture diffusivity depends on the cell bulk volume and the shape factor that accounts for
the matrixfracture interface area peritimolume. Often sorption time is a quantity that is easier

to obtain than the diffusion coefficients. This parameter controls the time lag before the released
gas enters the coal fracture system.

4.4 Compaction Effect

The permeability is critically sensitive to changes in effective stress (pore pressure) during
drawdown. For the coalbed methane and shale gas cases, permeability changes as a function of
pressure due to matrix shrinkage and compression process of Mmaci@es. As the pressure
reduces during the production, overburden stress increases and permeability decreases, however
pressure drop leads to desorption of gas on the surface of coal matrix and that give rises to
shrinkage of matrix which enhance thedthi of cleats. This phenomena has been proposed by
Palmer and Mansoori (1996) and illustrated in the Figutadd 45.

l l t Overburdenpressure

-
- =)
-

-
=)
-

LILELI

fracture  coal matrix

Figure 4.4 Schematic of coal seam before cleats compression and after cleats compression
(Palmer, 1996)
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Figure 4.5 Schematic of matrix shrinkage phenomenon (Palmer, 1996)

Palmer and Mansoori model includes the rock compaction effect on the production and it is also
included in the model to account faropuction caused bgompaction.
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CHAPTER 5

METHODOLOGY

In this work, simulation model built up for production performance analysis of shale gas
reservoir case with different well trajectories and completion techn{guesk, 2013) was used

to perform simulation runs in order to get production data for pressure and rate transient
analysis. The starting point was to use make constanpradeictionsimulation runs for rates

set to 1000, 500 and 200%dtay. In order toperform this operatioin <<ShaleHorizontat1-
stg.DATA>> Eclipse 300 input data filwe set the <<'MCH' OPEN GRAT 2* 1000 2* 6.9 /

>> command on WCONPROD function tab where production rate is set to 1T88ymnd
bottonhole flowing pressure limit iset to 6.9 bars. The same procedure was applied with 500
and 200 riYday for simulation runs with one and more fracture staata was exported in a
monthly basis for twenty years, between Jan 1, 2012 to Jan 1, @BB®j Table 4.1 and
constant rate prodtion data from simulatioseveral analytical methods were applied in order
to obtain reservoir and stimulation parameters

5.1 Application of Kappa-Saphire Well Testing Interpretation Software

As a part of Saphire Well Testing Interpretation tool stesh@gms well testing option was used

for interpretation of the simulation data. As a Well ModieFi ni t e Conducti vity F
was applied ATwo Poroosmdvigee liSpdmented in order to account foree

dimensional flow from matrix tanatural fracturesBoundary condition was selected to be

infinite for the reservoir modelt was assumed to have a single hydraulic fracture which has the

length equal to the sum of all fracture stages for multiple stage hydraulic fracture scenario.

Al npwvred button was used to estimate the set o
between the model and measured data by the way diirrear regressionUnder Saphi, the

regression can be run either on the “log' or on the "simulation" (presea history).

ASi mul ati ondo regression is used when pressure
be made on the full pressure history of the wElh e -id @@ r egressi on opti
between recorded and calculated values for the eatretow period only and works on the
deltaPvaluesonly ALogod regression is consi daleadgd for t
havefull pressure history data and do not need to back calculate it Bgairdet derivative was

used as a derivativaethod in the software tool.
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5.2 Application of Fekete F.A.S.T. Well Testing Interpretation Software

In comparison with Saphire Well Testing Interpretation tool, additionally, psemeéofunction

is used to account for correction to gas propertiespaeddepressure term is replaced by rate
normalized pressure functiorUtilization of the software started with Finit@onductivity
Fractures model. The key difference from Saphire Finite conductivity model is introduction of
pseudeatime function which iglefined in terms of average reservoir pressure. Drainage radius is
defined by initial guess and used agasiablealong with the matrix permeability, fracture flow
capacity and fracture hdkéngth for nonlinear regression.

Utilization Finite ConductivityFracture case was followed by some advanced-ioudhalytical
models which accounts for gas desorption effects and incorporates modeling of horizontal well
with multiple hydraulic fractures.

5.2.1 Advanced Analytical Models

In addition to the analytal models accessed via the wizards ammbels menu, advanced
anal ytical and numeri cal model s avail abl e i
are powerful tools which can be used to history match and forecast productivity from horizontal
wells that have been stimulated with mugltage hydraulic fractures. The Advanced models use
corrected pseudo time. Traditional drawdown psetiitie is calculated at the average reservoir
pressure at a specific time. However, during transient flow, it has fre@posed (Anderson and
Mattar, 2007) that it is more appropriate to use the average pressure within the volume of
investigation. Using corrected psetiilbe is generally recommended. However, the volume of
investigation calculation involves complex gedrigs. Models allow incorporation of
adsorption parameters to better quality analysis of shale gas and CBM reservoirs. Automatic
Parameter Estimation (APE) is used to estimate the set of parameters that minimizes the sum of
errors between the model's ratepressure response and the measured data. Simplex method is
the only APE method available for the new analytical models in F.A.S.T. WellTestTM. In new
analytical models the Bourdet derivative is the only derivative method available in the software
tool. The derivative may be smoothed by changing theclaide fraction that is use in the
Bourdet calculation.
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5.2.1.1 SRV Horizontal Multifrac (Uniform Fracs) model

This is a rectangular model that contains an inactive horizontal well fed by mideptecal and
equallyspaced transverse fractures. The width of the reservoir is defined by the distance
between the tips of the fractures and the length of the reservoir is defined by the horizontal well
length(Fig 5.1)

- X =800.0 m [=

=233.0 m
>

-,

L g 99t

+ o, =000 m————

Figure 5. 1 SRV Horizontal Multifrac Model Exampl@=.A.S.T. Help)

The modelis a simple model which calculates relatively quickty.this model, fracture half

length is always half of Ye. Corrected psediioe is used for the model which assumes
boundaries to bewithin the stimulated reservoir volumdn practice, we do have an
understanding about the distance between hydraulic fractures in the field case from the sleeves
set for fracture stimulation operation. At this point we can use fractagngpinformation from

the simulation model to account for the distance between the hydraulic fractineslrawback

of the particular analytical model is the inability to adjust fracture spaEmgsngle, twoe and

three fracture stageasesfracture is placed in a rectangular region with effective well length of
800 meters. Reservoir and stimulation parameters were adjusted to match recorded and
calculated values on history plattilization in SRV model was conducted fgas and codbed

methane cases where adsorption parameters (Langmuir Isotherm model) are included for both
cases.

59



5.2.1.2 General Horizontal Multifrac (Uniform Fracs) model

The model is the most generalized model in Fekete's suite of analytical multifrac models.
Individual fracture properties and fracture spacing can be specified, the wellbore can be
activatedand thereservoir dimensions are not constrained by the dimensions of the completion.
As a result, it calculates relatively slowly. It is a homogeneous, spiglee rectangular
reservoir model which consists of horizontal wellbore and transverse fractures. The reservoir
dimensions and well position may be specified, provided the entire wellbore and all fractures fit
within the reservoir boundarieb addition, eacHracture can be situated anywhere along the
horizontal wellbore and configured to have a unique fractureldrath and conductivity (Fig.

5.2).
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Figure 5.2 General Horizontal Multifrac Model Examp(E.A.S.T, help)

It is possible to model the combined effects of the horizontal wellbore and multiple fractures as
well as the transition into middkime flow regimes and boundary dominated flow for any
number of different geometrical configurations. Depending on theégroafion,it is possible to
observepseuderadial flow regime with this model. This model also incorporates the use of
corrected pseudbme function. Corrected pseudine is used for the model assumes
boundaries to be specified region beyond the stimdleeservoir volume:-rom the simulation

data reservoir dimensions are set to be 2500x25b@vith net pay thickness of 9 meters.
Horizontal well with the length of 800 meters is then placed in the center of the rectangular
reservoir distance between niigle fractures were set to 200 metaard analysis were
conducted for one two-, three stage hydraulic fracture cases under 1000, 500 and ?ﬂﬁyn
production rates. Reservoir and stimulation parameters were adjusted to match recorded and
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calculated vlues on history plotUtilization in the model was conducted f@as and coabed
methanecases where adsorption parameters (Langmuir Isotherm model) are included for both
cases.

5.3 Rate Transient Analysis

As a part of rate transient analygisstraight line (flow regime) analysis was applidhe
starting point for theutilization corrected pseudtme function Initially, we applied the formula
developed for formation linear flow which has not yielded pogitive results so that the'Q
values were increasing in a nbnear form. Having known that we have fracture linear flow for
our system which is followed by elliptical and radial flow periods we decided tavesage
pressure in the region of inftnce from PetreV i a A P-rGegmetrical WModeling Index

f il t eim ardertt@ lile able to handle several flow regimes at a. tirhereinafter,rate
normalized pressure (RNR&rsus natural logarithm of pseutime time derivativédunction was
adoped in order to make conclusiam the prevailing flow regimes under different fracture
stage and flowing conditions. Detailed analysis flow regime identification and specific analysis
procedures are described below for differems, two- and threestage hydraulically fractured
well with 1000, 500 and 200 Ydayflowing rates.

5.3.1Single-stage horizontal wellScenario

The starting point was thdilization of RTA on a hydraulically fractured horizontal well with
200 ni/day production. Firstly, RNBnd its derivative function were implemented (Figg5.in
order to define prevailing flow regime of the system.
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Figure 5.3 a) RNP derivative200 m3/day productiowith singlestageHF; b) sequences of
flow regimes for d@ydraulically fractured horizontal well. Fracture Linear Flow, 2. Elliptical
Flow, 3. Pseudoradial flow, 4. Boundary Dominated Flow (BDF)

In this particular production caske fourflow regimesfor a hydraulically fractured horizontal
well were observed and clearly distinguishleithear flow period showed out to be a bit more the
% which was an indication of finite conductivity fracture model. At this point, elliptical flow
analysis for finite onductivity fracture case was perform@ging Eq2.75, 2.76 and 277) on

the regioncorresponding to this flow regim{@®egion 2)and dimensionless fracture conductivity
was found to b®.77 which in turn supported the thoughts about the fracture lireardégime.
Production data corresponding to fracture linear flow (Region 1) regime was also analyzed from
the slope of RNP and corrected psetidte function using EQ.80 for the average reservoir
pressure in region of influencRegion 3 corresponds tesguderadial flow which is analyzed
using Eq. 278 Late time region (LTR)shows to have an irregular behavior for boundary
dominated flow. At this point, if we consider the fact that for the particular region the rate of
change of RNP decreas#sat shows pressure support to the system whadn be result of
compressibily effects of the desorpted gas without any boundaries felt.
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Figure 5.4 RNP derivative 500 m3/dayproduction with single HF

The same chart was plotted 600 ni/day production rate whichas showed similar flow
regime characteristics (Fig4).where the same analysis techniques were implemented in order
to find reservoir and stimulation parameters.
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Figure 5.5 RNP derivative 1000 m3/day productiowith single HF
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In comparison with the previous two cases for 1068@ay production has shown different flow
behavior. For the particular cagansitional flow €lliptical flow) periodcannot beobservediue
to high production rats which cause higher pressure drawdowmsa hydraulically fractured
horizontal well. Due to nceavailability of elliptical flow period hydraulic fracture hdéngth
values cannot bevaluated Fracturelinear and pseudmdial flow regimes analyzed to get
matrix permeability and fracture flow capacity.

5.3.2Two-stage horizontal wellScenario

For the multifractured horizontal well it is expected to see the flow regimes indicated in
Fig.56(b). From tre RNP derivative plo{Fig 56a) we can conclude than elliptical flow
regime of individual fractures imasked due to the fact that fractures are too close. For that
reason,the RegiorA encompasses fracture linear and compound linear flow (CFL) which is
followed by pseudoradial flow regime.
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Figure 5.6 a)RNP derivative-200 m3/day production wittwo-stageHF-s; b) sequences of
flow regimes for multifractured horizontal well 1. Fracture Linear Flow, 2. Elliptical Flow, 3.
Fracture Interference, 4. Compound linear flow (CFL)

Again, dueto the fact of noravailability of elliptical flow regime we are unable talculate
fracture hallength. The very beginning of the linear flow data was used to analyzeldie
based on fracture linear flow analysis (2472). Thereinafter,RegionB was used for
pseudoradial regime analysis corresponding to this fémime (ER.78).
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The procedure was deployddr 500 ni/day production rate which has showed similar flow
regime characteristics (Fig#®.where the same analysis techniques were implemented in order
to find reservoir and stimulation parameters.
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Figure 5.7 RNP derivative 500 m3/day production with 2 H&

Increased production rate masks the elliptical flow regime in a severe mahRecorresponds
to thelate time regiorflow exhibiting pressure support due to desorbed gas.

Fig 58 shows RNP derivative function of horizontal well with two transverse fractare<000
m’/day, daily production ratevhich also exhibits the similar behavior with theevious
examples.
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Figure 5.8 RNP derivative 1000 m3/day production with 2 Hé

In comparison with the previous cases pseudoradial flow regime is reached earlier due to
increased production rate.

5.3.3Three-stage horizontal wellScenario

Three stage horizontal well model production data shows similar characteristics with two stage
horizontal well RNP derivative results. In all cases elliptical flow regime is masked due to close
fracture spacing which makes fracture Hatigth calculatiorimpossible. Region A includes
fracture linear flow and CFL flow regimes which are followed by pseudoradial flow regime. The
very early time data was used for fracture linear flow straight line analysis {Bg Rlatrix
permeability is found (Eq 28) from pseudoradial flow regime.
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Figure 5.9 a)RNP derivative200 m3/day production with 3 HE b) sequences of flow

regimes for multifractured horizontal well 1. Fracture Linear Flow, 2. Elliptical Flow, 3.
Fracture Interference, 4. Compound linear flow (GE))RNP derivative500 m3/day
production with 3 HFs; d) RNP derivativel000 m3/day production witBrstage HF

5.3.4 ConstantBHP Production Example

Additionally, constanBHP simulation rus were adopted for rate transient analysis where the
well bottomhole flowing pressure limit is set to 6.9 bars.
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Figure 5. 10 Reciprocal rate derivativeconstanBHP production with single HF

RegionD on Fig. 510 exhibits unit slopwhich refers to pseudsteady state flow whichn turn

is the result ofpressure depletion in SRV region. With bottom hole flowing pressure set to 6.9
bars gas productionasts with very high rates whictlepletegas withinregion The particular

flow regime is followed by pseudoradial flo§8) and boundary dominated flo@@) as shown in

flow regime sequence example for a single hydraulically fractured well in B{$) 5.

Thereinafterutilization of reciprocal rate derivative was performed footand three hydraulic
fractures cases (Fig. ). At early time derivative function exhibits similar flowing regimes
(regions D and region B) with the single hydraulic fracture case.
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Figure 5. 11 Reciprocal rate derivativeconstanBHP production witha) 2 stage b) 3stage

Flow then develops toompound linear flow (CFL&as shown in Fig. b and Fig. 3b which

has the characteristic behavi@ffig 5.12) for
supported by the numerical model.

— p case (Luo, 2010) which in turn is
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Figure 5. 12 Log-log analysis of reciprocal ratedvative for Zstage MFHW caséShangiang,
2010)



In comparison with constite production examples for m&tBHP case boundary dominated
flow regime (Region E) is developed after compound linear flow. Thereinkdtertime region

(LTR) effects can be observed from the reciprocal rate derivative example for both cases.
Decreasing slope of LTR is andication of gas flow to the system which may be the result of
desorption in the drained reservoir system.
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CHAPTER 6

RESULTS & DISCUSSION

In this part of the thesighe results for pressure transient analysis and straight line analysis
(RTA) under different fracture stage and flowing conditions are presented and discussed.
Results for each specific analysis technique will separatelgsbesse@nd compared under
different flowingandfracture stageonditions.

6.1 Saphire Interpretation Results

Analysis results for single stage hydraulic fractpreduced under 100@%day constant rate is
indicated below (Fid.1). The disadvantage of the tool is tlia¢ finite conductivity modehasa

built in analysis techniqueshich is based obilinear and linear flow regimes only. Analysis is
performed in such a way that model analysis line on thdolpglot was extended to find
imaginary radial flow by which resesir permeability is extracted. Then any part of the
derivative corresponding to half and quarter slope were used for analysis of linear and bilinear
flow periods which gives anomalous results.

Figure 6. 1 Saphire FiniteaConductivity Model for Bigle stage hydraulic stagd 000 m3/day
production: a) history plot; b) semilog plot; mesudepressurdog-log derivative plot
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Detailed resultor different flowing rates and fracture stagee shown:

Table 6.1 Saphire Finite Conductivity Model under different fracture stage and flowing

conditions
Kappa Finite Conductivity Kewg
Fracture Model k (mD) X; (M) (mD*m) ki (mD) Fep
1stg 1000 ni/d 8,16E03 | 1195,12 25,79 507,73 2,64
500 m/d 2,86E03 | 1326,22 56,40 1110,28 | 14,87
200 m/d 1,17E03 | 1890,24 60,06 1182,3 | 27,16
2stg 1000 ni/d 3,37E03 | 2405,8 96,95 19080 | 11,%
500 ni/d 2,74E04 | 4969,51| 190,85 | 3756,96| 140,16
200 nmi/d 1,33E04 | 23871,95 1118,90 | 22025,64| 352,41
3stg 1000 ni/d 5098E04 | 29512,2| 116,56 2286,9 6,58
500 m/d 4,42E04 | 4634,6 527 10382,66| 257,50
200 m/d 4,47E04 | 1868,90| 257,98 5077,3 | 308,5

Fracture permeability k numbers are calculated with an assumption of 2 inch fracture width
(Table6.1). Havingknown the original K0.004 mD)and % (250 m)values from Table 4.1 we
may conclude that the particular model is not an efficient tool to handle the particular
interpretation.Function plots for single and multiplehydraulic fracture stages under different
flow rates are included in Appendix A.

6.2 Feketelnterpretation Results

Results for single and multiple hydraulic fractures produced under different production rates
using different analysis models aeparately indicated:

6.2.1Finite Conductivity Model Case

Analysis results fothe single stage hydraulic fracture produced under 1086ay constant rate
is indicated below (Fi®.2). Values are the result of good history match, but with low tolerance
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on loglog plot which is again the result of inability to recognize any flow regime other than
linear and bilinear flow. Results for a total nine different analysis for single, two awldtage
hydraulic fracture cases for gas production rate of 1000, 500 and 2@8yrfor each case are
shown in Table6.2. With good initial estimates and fine tuning a very close reservoir and
stimulation properties were found despite the mismatch ctofpglot. However, having known
that it is possible to find several sets of parameters which yield an acceptable modelvmatch
cannotconclude on the applicability of the particular model for the analysis.
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Figure 6.2 Fekete F.A.S.T. Finite Conductivity Model for single stage hydraulic sthg@0
m3/day production: a) history plot; b) semilog plotRiyPlog-log derivative plot
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Table 6.2 Fekete F.A.S.T. Finite Conductivity Model undkifferent fracture stage and flowing

conditions
F.A.S.T Finite Conductivityf Kews
Fracture Model k (mD) Xt (M) (mD*m) k; (mD) Fep
1stg 1000 mi/d 2,62E03 | 257,86 169 3326,77| 250,05
500 ni/d 1,70E03 | 191,02 147 2893,70| 451,38
200 ni/d 9,44E04 | 151,20 144 2834,6 | 1009,%
| 2stg 1000 ni/d 7,75E04 | 2159 156 3070, | 932,5
500 ni/d 6,83604 | 207,23 141 2775® | 996,38
200 ni/d 3,69E04 | 166,3 139 2736,22 | 2265,91
| 3stg 1000 mi/d 7,34E04 | 154,99 128 2519,® | 1126,®
500 ni/d 3,00E04 | 166,46 162 3197, | 3255,55
200 ni/d 1,88E04 | 176,13 162 3195, | 4881,07

With good initial estimates and fine tuning very close values to original reservoir were found
which can be the result of incorporation boundary conditions and psieueldunction.At first

look, we can conclude that the model definitely wdrksingknown the original K0.004 mD)

and x (250 m)values from Table 4.1However, kp values (>300) are an indication of finite
conductivity fractures, where we cannot observe any bilifiearregime and compute fracture
flow capacity (kws) values. Also, dspite the good estimated valugse mismatch on letpg

plot again showdrelevancy of the particular model in analyzitige reservoir and stimulation
propertiesAll the analysis ploaire included in Appendix B.

6.2.2 Horizontal Multifrac SRV GasModel Case

The total of nine analyse were performed under for single, two and three stage hydraulic
fracture cases for gas production rate of 1000, 500 and 2@@yrfor each casseparately.
Analysis results for single stage hydraulic fracture produced under 1%0@ynconstant rate is
indicated below (Fi®.3).

The anticipated mismatch on the dlog) plot is the result of linear and bilinear flow model as the
particular advanakanalytical modeéncompasseshilinear, formation linear flow regimes and
fractureinterference effects (for mulfractured case only)
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Gas AM-Multifrac-SRV(Uniform Fracs)
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Figure 6.3 FeketeHorizontal MultifracSRV (Uniform Fraes) GasModel for single stage
hydraulic stage 1000 m3/day production: a) history plot; RV model Shematic) semilog
plot; d) RNPlog-log derivative plot

Resultdor different fracture stage and flowing conditions are indicated in T&Ble

Table 6.3 Horizontal Multifrac SRV GAS Model under different fracture stage and flowing

conditions
Fekete Horizontal Multifrac ke K¢
SRV GAS model k (mD) Xi (m) | (mD*m) | (mD) Fep
1stg 1000 ni/d 6,91E03 258,2 7,2 142,0 4,06
500 ni/d 4,43E03 | 279,5 5,1 99,5 4,05
200 n/d 1,78E03 | 294,4 5,3 103,4| 10,01
| 2stg 1000 ni/d 3,06E03 | 255,8 3,0 59,1 3,34
500 nmi/d 1,74E03 2770 2,1 40,9 4,30
200 ni/d 9,71E04 223,3 3,2 63,8 14,%
[ 3stg 1000 ni/d 2,91E03 | 284,6 3,7 723 | 44
500 ni/d 1,12E03 | 264,4 2,2 43,3 7,41
200 n/d 1,56E03 | 7353 3,8 74,8 3,31
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Having known the original k3.004 mD)and % (250 m)values from Table 4.1 wmay conclude
that forthe Table6.3, despite the good estimates of hydraulic fracture-lealgth and relatively
good matrix permeabilities thresults for fracture flow capacigreunderestimated.

6.2.3Horizontal Multifrac SRV CBM Model Case

Additionally, using the same modgtorizontal Multifrac SRV model) CBM fluid type analyses

were performed under for single, two and three stage hydraulic fracture cases for gas production
rate of 1000, 500 and 200°ay for each case separately. Analysis results for single stage
hydraulicfracture produced under 1008/day constant rate is indicated below (Big).
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Figure 6.4 Fekete Horizontal Multifrac SRWniform Fraecs) CBM Model for single stage
hydraulic stage 1000 m3/day production: a) history plod; SRV model Shematic) semilog
plot; d)RNPlog-log derivative plot
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As it can be seen from the Fig4 - CBM case has showed the similar characteristics with the
gasfluid model. Detailed results for SRV (Uniform Frap CBM fluid model for all the applied
production scenarios are shown in the Td&Me

Table 6.4 Horizontal Multifrac SRV CBM Model under different fracture stage #oing

conditions
Fekete Horizontal Multifrac SRV Kiwi ks
CBM k(mD) | x(m) | (mD*m) | (mD) Fep
1stg 1000 ni/d 6,69E03 | 250,7 7,2 1412 4,27
500 mi/d 417603 | 266,3 5,1 100,8| 4,60
200 ni/d 1,65E03 | 264,3 5,5 109,0| 12,67
2stg 1000 ni/d 2,90E03 | 236,1 2,4 475 | 3,53
500 mi/d 1,52E03 | 286,2 1,8 353 | 411
200 ni/d 7,84E04 | 261,1 3,3 65,8 | 16,34
3stg 1000 ni/d 2,87E03 | 283,6 4,1 80,3 | 5,01
500 mi/d 1,12E03 | 251,4 1,5 29,1 | 5,5
200 mi/d 1,64E03 | 869,6 3,5 69,2 | 2,47

The only difference between tI&RV Gas Modelis the lower estimated matrix permeabilities
since in CBM case coal hasgher volume of gas adsorpted gas the same adsorption
parameters.

6.2.4General Horizontal Multifrac GasModel Case

In this case produced gas is not limited to S&M whole reservoir is simulated as if there is a
gas production outsidéne stimulated reservoir region which allows fluid regimes other than
linear and bilinear flow regimes toe develogd Analysis results for single stage hydraulic
fracture producednder 1000 rfiday constant rate is indicated below (Bif)
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Gas AM-Multifrac-General
Analytical General Hz Multifrac Schematic
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Figure 6.5 Fekete Horizontal Multifrac General Gas Model for single stage hydraulic-stage
1000 m3/day production: a) history plot; b) SRV model Shematic ¢) septdggl) RNP log
log derivative plot

The particular set of parameters estimated from the analysis shows mismatch on RiP log
derivative plot which is an indication of having approximately the similar conditions with SRV
Uniform Fracture modeln bothcases fracture flow capacity is underestimated. In the particular
model estimated reservoir permeabilities are lower than those for SRV model which is due to
increased reservoir volumelowever, for production rates of 200%day (one, two and three
stage hydraulic fracture casedpng with the history matcka good match on the RNP kog
derivative plot were estimate@hppendix E)which is an indication ofadial flow regime.
Achievement of the particular flow regime is theuleof low fracture flow capacity which
allows radial flow regime to béevelopedTable6.5).
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Table 6.5 Horizontal General Multifrac GAS Model under different fracture stage and flowing

conditions

Fekete Horizontal Multifrac ke ks
Generall Gas Model k (mD) x¢ (M) | (mD*m) | (mD) Fcp
1stg 1000 ni/d 1,21E03 | 2385| 1,4 272 | 4,78
500 m/d 1,05E03 289,1 15 28,6 4,79
200 m/d 8,96E04 118,2 0,7 13,0 6,24
| 2stg 1000 ni/d 9,54E04 | 292,5 1,0 20,2 3,68
500 m/d 6,14E04 | 287,3 0,9 16,8 4,83
200 m/d 7,74E04 | 235,5 0,9 18,1 5,04
| 3stg 1000 ni/d 1,03E03 246,1 1,2 23,9 4,78
500 m/d 1,07E03 190 1,2 23,0 5,73
200 m/d 8,41E04 | 2021 0,7 12,8 3,83

Having known the reservoir dimensions and real fedde fracture flow capacity values the
conclusion can be made on inability of the particular model to sustain radial flow regime for the
analysis.

6.2.5General Horizontal Multifrac CBM Model Case

Results for the particular model are similar with those obtainétbiizontal General Multifrac
Gas model. Analysis results for single stage hydraulic fracture produced under ¥689 m
constant rate is indicated below (feig)
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Figure 6.6 Fekete Horizontal Multifrac Gener@BM Model for single stage hydraulic staige
1000 m3/day production: a) history plot; b) SRV model Shematic ¢) semilogipRNP log
log derivative plot

Table 6.6 Horizontal General Multifrac CBM Model under differdrdcture stage and flowing

conditions

Fekete Horizontal Multifrac Kewi ks
Generali CBM Model k (mD) Xs (m) | (mD*m) | (mD) | Fcp
1stg 1000 ni/d 1,14E03 280,5 1,6 | 31,2] 4,95
500 ni/d 7,01E04 293,8 09 |173]|42%
200 ni/d 6,83E04 78,8 0,3 57 | 537
2stg 1000 ni/d 9,29E04 2749 09 | 18,0/ 3,57
500 ni/d 5,76E04 273,9 08 | 162|522
200 ni/d 7,92E04 258,4 1,1 20,7 | 5,14
3stg 1000 ni/d 9,96E04 202,3 1,0 | 20,11 5,06
500 ni/d 9,74E04 281,1 1,5 | 29,9] 5,55
200 ni/d 1,03E03 290,3 1,5 | 286 4%
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For production rates of 200°fday (one, two and three stage hydraulic fracture cases) besides
the history match, a good match on the RNRIdémgderivative plot is observed (Appendix F)
which is an indication of radl flow regime. Development of the particular flow regime is the
result of low fracture flow capacity that allows radial flow regime tcabkieved(Table 6.6).

As for Horizontal SRV (Uniform Fras) Model, the only difference between tHerizontal
Multifrac General Gas modehsess the lower estimated matrix permeabilities since in CBM
case coal has higher volume of gas adsorpted gas for the same adsorption parameters.

6.3 Staight Line Analysis Case

The particular analysis showed to be a very straight forward technique in analyzing the
production data of enulti-fractured horizontal well. The incorporation of standard derivative for
rate normalized pressure function and ability to distinguish pragaflow regimes allows to
properlyinterpret the datén a straightforward manner. One of the interesting featwessthe
estimation ofelliptical flow regime which is the case for reservoirs with long hydraulic fractures
and very low matrix permeabilityl.his particular flow regime made the hydraulic fracture length
estimation possible having no formation flow in the system. However, the analysis of the
elliptical flow regime was possible only for singdtage fracture case as it showed to be masked
for two and three stage fracture cases under different flowing dateso low fracture spacing
Table6.7 shows the typical flowing regimes observed under different fracture stage and flowing
conditions.

Table 6.7 Representation afominating flowing regimes under different fracture stage flowing

conditions

Stragiht
Line 1000 ni/day 500 ni/day 200 ni/day
Analysis

1stg 2stg 3stg | 1stg | 2stg | 3stg 1stg | 2stg 3stg
Linear Flow | + + + + + + + + +
Elliptical - - - + - - + - -
CFL - + + - + + -
Radial + + + + + + +
BDF - - - - - - - - -
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The total of nine analyses were performed under for single, two and three stage hydraulic
fracture cases for gas production rate of 1000, 500 and 2@@yrfor each case separately.
Results are distributed in the following talgghibiting fracture and reservoproperties of the
particular multifractured horizontal shale gas simulation example.

Table 6.8 Representation dhe dominating flow regimes under different flowing and fracture
stage conditions

Straight Line Analysis k (mD) X; (M) sq\r,tv(fkf) ki (mD)
1stg 1000 n/d 0,01730(Radial) - 2,84 |3120,89
500 ni/d O?dgggg(ﬁgﬂf;)l) 270,0418| 2,22 | 1908,99
200 ni/d o?dggg(zéﬁi?aﬂg)l) 312,975| 1,91 | 141811
2stg 1000 ni/d 0,01407(Radial) - 2,00 | 3474,67
500 nt/d 0,00696(Radial) - 2,01 | 3286,05
200 n/d 0,00294(Radial) - 223 |1929,32
3stg 1000 ni/d 0,01032(Radial) : 3,04 | 357891
500 ni/d 0,00649(Radial) : 3,05 |3604,84
200 m/d 0,00289(Radial) : 3,03 | 354655

Estimation of hydraulic fracture hdéngth values were possible on for single fracture
horizontal well from elliptical flow at lower production rates. Reservoir permeability values
found from elliptical flow shows a good correspondence with the valweslfasing radial flow
regime analysis. Due to deviation of the linear flow data from a linear slope corrected-pseudo
time function was adopted as it was discussed in the previous section. The aintilifatson

is to handle the deviation at linear floegime dataEffect ofutilization of the corrected pseudo

time functionunder different fracture stage and flowing conditimshown below
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Figure 6.7 Effect of Correcteghseudetime on RNP derivative under differteflowing rates a)
one, b) two, c) threestage hydraulic fracture examples

Fig. 6.7 best describes the behavior of fracture permeabilities (Ba®)dor differentflowing
andfracture stageonditions.
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CHAPTER 7

CONCLUSION

In this thesis several analytical methods were implemented in order to extract reservoir and
hydraulic fracture properties from the shale gas simulation daitally, we conducted
simulation runs for different production rate and bottoote flowing pressures, for each
fracture stage condition. Having had the production data, we started with the analyses developed
for conventional hydraulically fractured wells using Saphire and tEelfeA.S.T) well testing

tools. Thereinaftersome advanced analytical btiilt functions in Fekete (F.A.S.T) tool was
used to handle the SG data interpretation. Finally, as an addition td Btraight Line (Flow
Regime) analysis were adopted which #jiex advanced production data analysis. Despite th
fact that the results estimated from PTA exhibited relatively better correspondence with matrix
permeability and fracture hakéngth, the results for fracture flow capacity were underestimated.
Analysis of the Straight Line Analysisresults showed relatively overestimated matrix
permeability values, however results showsedjood coincidence for all other parameters.
Following areconclusion drawn from this study:

1 Applied Pressure Transient Analysals showed poor quality results due to improper
handling of flow regime identification for the reservoir systevhich is mostly
associated with the fact that models accountdoly linear, bilinear and boundary
dominated conditions

1 The reasonable hisgpmatch can be achieved with different set of solution parameters
so that a good initial guess must be taken in order to get a correct solution

T Straight Line (Flow Regime) Analysis showed to be a more precise and straightforward
way of handling the data tierpretationand exhibited a good correspondence with
original values

T Corrected Pseudiime has partially decreased deviation of RNP derivafioe
increasinglowing rates

1 RNP derivative revealed elliptical flow regime which is the case for long hydrauli
fractures with low reservoir permeability

1 Elliptical Flow regime were masked for twand threestage fractures for all production
rates indicating very close fracture spacing
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1 Straight Line Analysis has not revealed boundary dominated flow for corfistaitg
rates and the late time region is considered to be the consequence of the compressibility
effects due to gas desorption

1 For Constant Pressure Straight Line Analysis both boundary dominated flogaand
desorption effects were observed
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APPENDICES

APPENDIX A: SAPHIRE FINITE CONDUCTIVITY MODEL RESULTS
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Figure A. 1 Saphire Finite Conductivity Model for single stage hydrafaticture- 500 ni/day
production: a) history plot; b) semilog plot; ¢) presymtessure logog derivative plot
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Figure A. 5 Saphire Finite Conductivity Model for two stage hydratigcture- 200 m3/day
production: a) history plot; b) semilog plot; c) prestmtessure logog derivative plot

95



T
- .\"'
.
900 St
400 - ~
i,
e,
| \\ .y
S
k] E
Y
L R B B B L B B B B B BN |
10000 20000 30000 40000 50000
Pressure [psial, Gas Rate [Mscf/D] vs Time [hr]
BE+7| N
B - .
=y AR
& : 2
B 4E+7 A
E - S
5,
p
: s\\
0| -
[ T B B R L L L L L
2 3 4
Superposition time
1E+9: T T T TTTTT T T TTTTIT T T T TTITIT T T TTTTIIT T T IIIII:
— 1E+8 [ !
= E E
5 F 3
& . ]
-§ - '*4 —f
E o . -
= . —
o . L
= I
% 1E+7 | —Z p=i
= E va b
£ E N =
E 1/ ]
| |
1E+6 S R Ll L1 Lo Lo
1 10 100 1000 10000 1E+5
dt [hr]

Figure A. 6 Saphire Finite Conductivity Model for three stage hydrduéicture- 1000 m3/day
production: a) history plot; b) semiloggpj ¢) presuderessure logog derivative plot

96



)
&
= ]
g 0
]
= 1375
L e B By B B L B ]
0 40000 80! 1.2E+5
Pressure [psia], Gas Rate [Mscf/D] vs Time [hr]
] e -
1E+6— h
- ?‘*\.t
—_— 'Q‘
G .,
&
2 - ",
T SE+T P,
- i N
«,}}‘\
A3
N
o— e
_|\||\I||t|||\||I|||4||-|\||\-|l|\||||\||||||llw
3 3.5 4 4.5 5
Superposition time
154-9: T T TTTTTT LA T T TTTTIT T TTTTTT T T Illllt
et
§ 1E+8 E 3
=) F m
=) C .
K= - e \ .
- L & Bﬁ/ﬂ i
= A
E - /‘ " i
B I
ZOiE+7 | I =
= e -
E F i E
o = -
1546 Lo [ A L [ Lol
10 100 1000 10000 1E+5 1E+6

dt [hr]
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production: a) history plot; b) semilog plot; c) presymtessure logog derivative plot
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Figure A. 8 Saphire Finite Conductivity Model for three stage hydrdudicture- 200 m3/day
production: a) history plot; b) semilog plot; c) presymtessure logog derivative plot
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APPENDIX B: F.A.S.TFINITE CONDUCTIVITY MODEL RESULTS
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Figure B. 1 Fekete Finite Conductivity Model for single stage hydrafuticture- 500 ni/day
production: a) history plot; b) semilog plot;RNPlog-log derivative plot
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Figure B. 3 Fekete Finite Conductivity Model for two stage hydratizture- 1000 ni/day
production: a) history plot; b) semilog plot;RNPlog-log derivative plot
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production: a) history plot; b) semilog plot; ¢) RNP-og derivative plot
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Figure B. 7 Fekete Finite Conductivity Model for three stage hydrdudicture- 500 m3/day
production: a) history plot)) semilog plot; ¢) RNP letpg derivative plot
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Figure B. 8 Fekete Finite Conductivity Model for three stage hydrauticture- 200 m3/day
production: a) history plot; b) semilog plot; ¢c) RNP-og derivative plot
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