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ABSTRACT

Horizortal wells and hydraulic fractures have been widely usdalwrpermeability gas
reservoirgo enlargeborehole surface area contact amdreateflow paths witha muchhigher
permeability in rock layersThis ultimatelysignificantly increasethe flow rae and obtaisa
considerable production

A threedimensional, singkphase compressible fluid model is presented in this thesis.
Original reservoir blocks with wells and hydraulic fractures are refined, whedle and fractures
are approximated as a catmn of fine rectangular cell§heresidual equation is applied to
calculate the flownto wells and fractures.

The feasibility of the simulator is vdited by the commercial modeMG. The model
presented is able to provigtaluable information fotight sands witla horizontal welland
hydraulic fractures of different multiple stages and diffedémensionles$racture
conductivites so as to help forecast and analyze the productivity different strategies and
makereasonable decisisin projects.

By using the developed model, three fracturing effects on production performance in
reservoir system with different matrix peratities are tested and analyzédcluding
dimensionles$ractureconductivity, the number of fractigand multistag fracturesonsising
of different fracture length

For the reservoir | am considering as an example, the observed trends indicate an
optimality around 10 for the value o#; and an optimality around 5 for the number of fractures.
Also, dimensionlesfacture conductivity has a more significant effect on production when its
value is low (less than 10). Another conclusion is that when the total fractuiterwtli is same,
convex shape and concave shape designs composed by different individual fraélereth

perform better than even shape design, which consists of uniform fractukeniggifs.
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NOMENCLATURE

Roman
A, A\/ A = cross section areeft2

A = SIP coefficienin positive zdirection

B = SIP coefficient in negative-direction

. RB
B, = gas formation volume factor,——

SCF
C = SIP coefficient in central block
¢ = compressibility, psi*
E = SIP coefficient in positive-®irection

F.p = fracture dimensionless conductivity

G = depth, ft

. ft
g = gravitational constant—;
sec

g, = gravitational constant in the equathQ.Zi

sec

k = permeability, perms

K., = matrix permeabilitymd
k, = fracture permeabilitymd
M = mass

M, = molecular weight,i

mole

N = SIP coefficient in positive-girection

Xi



p = pressure,psia
p. = initial reservoir pressurepsia

py = sandface pressurggsia

S
g = gas flow rate,—
day

r,, = well radius, ft

S = SIP coefficient in negative-girection

t =time, day

T, = reservoir temperatureR

W = SIP coefficient in negative-direction

w = fracture width,inch

X = spatial coordinate in-glirection

X, = fracture haHiength, ft
y = spatial coordinate in-glirection
V, = bulk volume, ft®

Z = compressibility factor

Z = spatial coordinate indirection

Greek

D = space between celldt
Dt = time step sizeday

G = SIP coefficient

Xii



Xiii
/m = viscosity, cp

f = porosity, %

Ibs
r =density,—
Y ft®

Subscripts

e = equivalent value

g =gas

cr = critical condition

I, ],k =direction indices
res = reservoir condition
Sc = standard condition
w = well

f = fracture

Superscripts

N = old time level

Nn+1 = new time level
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Chapter 1

INTRODUCTION

1.1 Background

Tight sandreservois have low permeability, resulting difficulty of fluid flow and low
efficiency of production. In order to improve the flow rated productiorof reservoir fluid and
develop the reservoir economicallgrizontal wells and hydraulic fractures aviglely used in
thetight sands

When it comes to the procedure of fracturing, it is essential to choose the proper fracture
variables taptimize the recovery & tightsandreservoirefficiently and economichl. In recent
years, someesearch halseen done to analyze the factors affecting hydraulically fractured well
performances by commercial models. These factors include proppant condaciil/ttye
numberof fracutures'.

A numerical simulation modetombining the basic input dataafeservoir, well and
hydraulic fracturgropertieds always set up catulatetheflow rate andhe cumulative
productionof reservoir fluidsThe reservoir first can be divided into some girds, and refined grids
will be created to represent the locasiohwells and fractures. The size of the grids and the
convergence criteria fahe solutiordeterminethe accuracy and time of the simulation.

Normally, as the size of the grids and desmvergenceriteriafor the solition are set smaller, the
accuracy will be better, and the total simulation time will become longer.

In order to efficiently capture wells and hydraulic fractureaiieservoir thelocal grid
refinement technique &pplied in the model. Instead of sadtwell and fractureproperties to

relatively much larger blocks, the technique helps us to predisiitate where the properties
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belang. Also, since the technigsenply providesanaccess to the necessary position where
detailed information needs t@ lobtained, it avoids generatiregdundant cells which increase
both computation time and storage space

The motivation for developing the simulatotaespredict theproductionperformanceof
hydraulic fracturesind welk accurately. First of alllifferent fracture vaables can be input
easily to get the production atfieflow rate during a long time scale for resairg with different
permeabilitiestherebyproviding suggestions for the tipum fracturing operation. Secongthe
local grid refnement technique is used to captureatrea of interedor a better quality of
information,therebyi ncr easi ng the accuracy of thhe resul t:
residual method offers the opportunity to treat wells and hydraulic fra@shesinginfinite

conductivity when it is necessary.

1.2 Literature Review

Three important concepitsll be reviewed in this section, showing the background theory and the
existing researchnd literatureon these concepts. Thructure otheliterature review isutlined
as follows:

1. Hydraulic fracturgperformance

2. Numerical simulation model

3. Local gid refinement technique

1.2.1 Hydraulic Fracture Performance

Early in 1903, hydraulic fracturing was used for the first time. However, until, 1949

techniquereceivedits first commercial applicatiorbincethen much research hdseen



conductedo make the process bett@vith the development of hydraulic fracture treatment
technology, it was taken into exploitation of tight gas dand

Hydraulic fracturing is an effective well stimulation technique. Firstly, fracture fluid is
pumpednto the targeted formation with a high pressure so that the rock in the targeted formation
will crack and fracture. As the injection of higihessure fluiccontinues, the fracture will
propagate. In the meanwhile, a proppant will be added into the Kkeging the fracture open

after pumping

NS L~
2N MM

Figure 1-1. Flow without fracture (left) and flow with fracture (right)

Without hydraulic fractures, reservoir fluid will flow into the well as aaktlow, which
can be seen iniure %1 left. However, when a hydraulic fracture is adtb the system, it
changes the flow patiibecause the flow ability in fractiges muchlarger than that ithe matrix
(see Figure 41 right). I n this way, it serves as a fAhighwa)
efficiently.

The factorsaffectingthe performancef hydraulic fractures are immense, including the
reservoir propertiedracture properties, geomechanical factarsd so on. In recent years, some
investigationsabout the factors have beeonductedy enormousmount of researchargely
based on simulationd. Guo et af. optimized the number of fractures to increase the production
performance of hydraulically fractured horizontal well&ei® showed theffect of fracture haif

length in the tight gas sand and the way to optimize it.



1.2.2 Numerical Simulation Models

Resevoir numerical simulation, usually combining mathematics and physics, is always
used to predict the flow @freservoirfluid and help to analyze wells and fractures performances.
Reservoir simulation was first introduced to the petroleum ingdirsthe ® 306 s, si mpl
usingthe calculation for predicting the reservoir performafc¢heearlyl98®0 6 s, r esear cher
devotedhemselves$o simulate 2D and 3D multiphase flow in heterogeneous porous media by
solving a group of finite difference equatioAs compters developed dramatically at that time,
researchers had a chancedly on computer program to fimtimerical solutiogof flow
equations for the firsttim&ur i ng t he 6 Onainly,focuser stv@aphasds wa s
water/gas reservoirs and oil resarg in three phases. Three phases black oil model was one of
the products in that perioththel 9 706 s, with the oil price incre:
eyes on enhanced oil recovery. Following this trend, simulation models were largelpasede
onthis technique, includinghemical injection, C@injection, steam or hot water injection, and
in-situ combustion. Also, in these years, researchers made theis &ffionprove simulation
techniqus, trying to make models mofiexible and reducéhe computecost.Duringthe
1 9 8 Ondrsler to analyze more complex resers@mulatorstook geostatics into
considerationTo meet the need e oil industry, researchers were more interested in
simulating naturally fractured reservoicempositioral effects, and horizontal wederformances
with hydraulic fractureUntil now, researchers combined more knowledge of mathematics,
physics as well as computer science to make simulators faster, more fiexiféerent kinds of
reservoirsand more accurate.
In addition to the rapid development of software and hardware of computers, @lsople
tried to look through mathematics way toatlease the computéme. This researctesulted in

great advances of techniques, including the improvéwofghe solver. In traditional numerical
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reservoir simulation, people preferred to use SIP, SLORC, or ADIP, which were compared by
Watts in anisotropigproblemsand Price and Codtim isotropicproblems|n 1981, Watt$
developed a new method, callihe preconditioned conjugate gradient method, for solving the
reservoir simulation pressure equation. He concluded that the new method is generally more
reliable and fasterthan SIBut t her eb6s a | ibecauséacanna be appledto hi s me
norsymmetic system& ™. In 1985, Wallis* presented a new method called the galimed
conjugate residual (GCR) methda the idea of minimizing the error of residuah his paper,
he also showed the effectiveness of combining a residual constramver, some problems
were found in this method. One is t&AER may break dowwhenthe coefficient matrix is not
positive real. To solve this problem, another method known as the generalized minimal residual
(GMRES) method was introduced by Saad and Bfliin 1986, but at thexpense ofarger
storage Combining the previous methods, in 1992 Van Der fbpesented a new one called
thebiconjugate gradient stabilized (BiCGSTAB) method, which became a common solver for

numerical solutiorof nonsymmegic linear systems till now.

1.2.3Local Grid Refinement Techniques

Conventional reservoir simulatisnsually dividea reservoir into larganiformgrids to
describealargescale flow process. However, it will be inaccurate when it comes reskevoi
with specific boundary conditi@or geologic casewhere detailed information neetisbe
obtainedDue to this concern, local grid refineméhGR) techniques were developed to make
simulators better.

Generally speaking, there are two kinds of LGR mégplres. One is static local grid
refinement, mostly used for the case of pinchouts, faults, fraauackin the vicinity of wells.

The other is dynamic local grid refinement, solving for tracking the displacement front location.
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In 1982, von Rosenbergleveloped an effective method of local grid refinement for
finite difference solutions, taking the first step in application of LGR in reservoir simulation.
Soon in 1983Heinemann et &f used dynamic local grid refinement in a multiple application
resevoir simulator, showing that computing time was reduced a lot while maintaining necessary
accuracy and stabilityn 1986, Forsyth and Sammdeveloped the modébr faults and
pinchouts using local mesh refinement, and concluded that problems witregageplogy could
be modeled efficientlyln 1987, Han et &f presented a new and more flexible approach of
dynamic local grid refinement, which not only more efficiently tracked the displacement front
compared with the conventional fine grid systems ab&o alloved the subdivision othe grid
block fixedly in any desired parts of reservoir. Also in the same Yéassermali successfully
implemented a static local grid refinement technique in a three dimensional, three phase reservoir
simulator.Several years later, in 1995, multiple horizontal wells in full field models were studied
using local grid refinement by Mohammed andAXisar?®, to investigate their effect osweep
efficiency and oil recovenyn 1999, Goktas and ErteKiapplied localrid refinement to the
simulator ofthe cavity completion problem. In the LGR region, the cells which represent the well
and the neighboring cells around them are specified with a certain pressure, instead of using
Peacemanb6s f | owthefQuwrate by caltylating theergsiduanls of the neighboring
cells and summing them uphe method was also used to analyze the complex well structures by

Hu?tin 2011.

1.3 Statement of the Problem

When it comes tonodelng areservoir with horizontal wells and hydraulic fractures, fine
grids are essentially needed to capture the local detailed informaationdwells and fractures.

However, uniform fine grids can hardly be used due to a dramatic increase in computational
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work. Thus, local grid refinement &pplied to obtain necessary and accurate information for
local features while avoiding redundant grids.

The other problem is that when encountering the fractures with infinite conductivity, we
cannot set a specific permdéip for the fractures. Therefore, thesidual method is implemented
to solve the problem. The cells representing the fractures and small cells around them will be set
ata specific pessure, and theesiduals for the small cells can ¢eculated. Théow rate will
be the total residuals for these cellae approach is also used for the wells.

In this study, LGR antheresidual method are implemented in the 3D model to predict
the flow performance of hydraulic fracturesaitight sand reservoir with horizontal wellThe
preconditioned btonjugate gradient stabilized method is used to help to solve the pressure
distribution for both fine and coarse blocks. Texeloped model provides ancurate solution
for flow performance and recovery, whiclvgius a good opportunity tmalyze an@ptimize the
design of hydraulic fractures.

Three effects are discussed in this thesis to analyze the production performance in tight
sands. Common properties for tight sands and compressible fluid are set in ghelmaidier to
make convincing conclusions and trerallgrgenumberof runs are tested artlderesults

compared for different matrix permeabilitglues



Chapter 2

MODEL DEVELOPMENT

2.1 Mathematical Formulation

In this studythe physical phenomenon of fluid flow in porous media is desciityeithe
continuity equation, which mathematically represents the material bal#eean consider a
mass balance in a control volume, and then use the differential approach to derive it.

In Catesian coordinatthe mass balance on fluid flow through the control volume over

a time period ofDt can be written as:
[massif)- [ massolit} sourte sjn= chahgeinty (2.1)

Mass fluxenteringthe control volumés:

m =ru, (2.2a)
m, =ru, (2.2b)
m,=ru, (2.2c)

Mass flux leaving the control volume is:

rT1<+ =r l'lx +x| (233.)
m,y=ru, (2.3b)
m,,=ru, (2.3c)

Substituting Equations (2.2) and (2.3) into Equation (2.1), we can obtain:

-gru 9D, (-u yD By 4 xkD O y x)z %D

run ., (noxy o L0 B, [TXD R

(2.4)




where Q" is source/sink term.

Rewrite Equation (2.4) by defining = R ¥ z, and get

Hru), 0, g w),., (-u), ZH-wr,( wrey

b 25
(a7 @9
Dt

Taking limits adx - 0, Dy - 0, Dz - O, Dt - O, and recalhg the derivative of

function that;

lim fs+ 8 A(9_u (2.6)
Ds- o Ds ls
Equation (2.5) will beewritten as:
u Q .
—(ru.)+—1 « +— uw) — = i 2.7
wruele) e =g @)

Equation (2.7) is the continuity equation for fluid flow in Cartesiaardinats, which

can also be written as:
po(r ;-2 =H( ) 29)
whereD- is the divergence operator:

‘Dou _—-—Wx -'-“.li —IJ.U+E
TR

Equatiors(2.7)and (2.8t an be further derived by

u= > (2.9)

X
m

whereD is the gradient operator:

i ntrod:i
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auF \F k&
PF =, —F
chx’ M ozu

and F~ is flow potential, which can be written as:

pF=p L, q 2.10)

Cc

Substituting Equations (2.9) and (2.10) into Equation (2.8) yield

pfrkipg 9 @ 2(_1 Heop 2.11)
T M g 3V ut

Equation (2.11) is the basic equation for fluid flonaiporous medium. This equation is
formulated based on some assumpfions

(1) Electrokinetics and slippage effects are negligible.

(2) Flow is singlephase, laminar, viscous and isothermal.

(3) There are a chemical reactions between the fluid and the porous medium.

2.1.1SinglePhase Compressible Flow Equation

Sincethe object of this study &singlephase gas reservoir, the compressible flow
equation will be applied.

Formation volume factor is associated with densities and can be expressed as:
I
B=-—=¢ (212

wherethe density of compressible fluids can be written as:

r = PM, .13
ZRT
r,, =P (214
RT,

SsC
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Substituting Equations (2.13) and (2.14) into Equation (3M&s

B = PLT (2.15

P

Also, thesource/sink termQ’ is defined as:
Q =ar, (2.16)

By assumingr, is constant, we takequations (2.13and (2.1¢ to the lefthand side of

Equation (2.11) and Equatio.{5 to the ridit-hand side of Equation (2.11) and obtain

Eka g @ q fT, pHap
D. < ® g = = (2.17)
%HBS@ e %Vb R TREZ

Furthermore, we can neglect the depth gradient, so Equation (2.17) is rewritten as:

D.

é k aq FfT_puap
— B g+ == (2.18)
imB  yV, PpTHtcZ

Equation (2.18) is known akediffusivity equation for compressible fluid flow in porous

media, and will be applied and solved in this study.

2.2 Hydraulic Fracture

Typically, hydraulic fracture can be modeled in three different waysiform-flux
fracture, infiniteconductivity fracture and finiteonductivity fracture. In this study, we will just

consider the latter two types.
In 1978,Cinco-Ley” introduced thelimensionless fracture conductiviy, , which

could correlate the dimensionless wellbore pressure for a practical value of time.

Fep = (2.19



12

WhenF_, > 500, the pressure drop &nfracture is small and can be neglected. This

fracture is defined asninfinite-conductivity fractureWhenkF_, <500, the pressure drop &

fracture becomes significanb@ should be calculated duringpdeling. This fracture is known as
afinite-conductivity fracture.

In anumerical model, in order to fit for the grid size, equivalent fractudéh length will
be usedIn order to keep the dimensionless fracture conductivdgame pased on Equation

(2.19),theequivalentiracture permeabilitgan be calculated as

— I:CD kxf

fe

(2.20)
W,

e

2.3 Local Grid Refinement Technique

To better represent the location atracteristicef wells and hydraulic fractures, local
grid refinement (LGR) is alwayistroduced This is becausawellG radius ané fracturgs width
areusually so small that they need small cells to approximate them. Bek@R technique can
reduceunnecessarglocks so as to decrease the computing cost while maintaining the simulation
accuracy.

Basically, there are two types of L&GRhemesdynamic LGR and static LGR. Dynamic
LGR is useds a function of time, arid the case where dynamic charaistérs needto be
tracedsuch as front tracking. Static LGR, however, is not changed with time and remains the
same during the simulatiolm this studyas wells and hydraulic fractures are the main targets to

beimplemented, which are static objedts; static LGRtechniquewill be applied
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2.3.1 Static LGR

In 1987, Wasserm&hdeveloped the static local grid refinement technique. In this
method, the ch@ coarse block is refined as small rectangeeéls, called windows. Figure-2
shows the technique in 2D. Asadserman mentionetthere are some requirements for the
refinementschemegFirsty, al windows should be completely surroundeddmarseblock
boundary, which is not allogd for refinement (see Figure2}. Secondy, it is not allowedo
havea newwindow within a window.Besideswithin an areal window vertical grid linesinnot

terminate (see Figure3.

Figure 2-1: Coarse blocks without LGR (left) andcoarse blocks with LGR (right)

13] 14| 15| 16| 17( 18

5 19] 20| 21| 22| 23| 24 6 13| 14[ 15[ 16[ 17|18
25| 26| 27| 28[ 29] 30 5 49(50] 51| 52| 53] 54 6
31| 32| 33| 34| 35| 36 85| 86| 87| 88| 89] 90

43| 44| a5] 46| 47] 48

Figure 2-2: Grid system and numbering scheme by Wasserméh
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Layer 1 of coarse block

Layer 2 of coarse block

Figure 2-3: Allowable vertical grid refinement by Wassermarf*

Wassermaft solved the equations for coarse blocks and windows simultaneously by
combining them to one system. Although the results could be stable, the data structure created for
theLGR schema is so complex that it significantly increasiee simulation cost.

In 1989, Biterge and Ertelihdeveloped an efficient refinement procedure for
multidimensional, nonlinear parabokchemeFor local static grid refinement, they first solved
the equtions in all coarse blockthen defined a nonhomogeneous Dirichlet type boundary
condition fromthe coarse grid solution to fine grids, and last solve the equation only for fine
grids.Mainly based on this principle, reservoir girds are refined in thigystud with some

changes in the procedures, which will be shown in the next section.

2.3.2 LGR Scheme Development

When there are horizontal welnd hydraulic fractures ithereservoir system, they will
be placed inhe coarse grids first. Figure2-4 shows the grid system for a reservoir with a
horizontal wellas an example in two dimensions. After that, small grids need to be added in the
coarse grids related to the locasai thewell and fractures. In order to reduce the error caused

by largedifferences of adjacent block sizzadditional grids are introduced to ensure a smooth
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transiton. Figure 25 shows the implementation of LGR for a reservoir with a horizontal well in

2D. The size of these grids used for transition can be deterifnorad

Dx.,, =0 a while xD1 (221)
Dy,. =¥ # whie yD1 (222
otherwise:
Dx..; 4 B) (2.29
D¢a { B) (224)

wherea and b are constants and should be larger than 1. Figure 2.6 illustrates how the
equations above work. The effect®fand & on simulation results will be shown tine next

chapter.

— === horizontal well

Figure 2-4: Coarse block system with a horizontal well in the center
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Figure 2-5: The implementation of LGR in a reservoir system with a horizontal well

D>§+2,j
AN

i +1,

j D&J

r 7

D&,j |:))§+1,j D>§+2,j
AN A

Figure 2-6: A smooth transition of grid size
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After grid construction, we need to set the pressure boundary for the rgfide®nce
the pressurdistribution from the coarse blocksobtained, we should create the pseudo pressure
profiles for the pseudo blocks surrounding the windowagplyinglinear pressure interpolation.
These pseudo pressure profiles will be the specified pressure bouodditjon for the refind
grids. Figure 2.7 presents thetocolto create the pseudo blodkstwo dimensionsThe

pressure of pseudo blogh, can be interpolated lihe pressure of coarse block 1 and coarse

block 2 using

T o+

where Dx, and Dx, are the distanaefrom the center of cell 1 to the center of cell a and from the

center of cell a to the center of cell 2 separately. Pspradsursin other dimensions can be
calculated similarlyOneimportant things that for a three dimensional moddbr each pseudo
block, two linear pressure interpolations of different dimensions are needed to get an average one,

which will be set as the pseudo pressure for this pseudo block.

N L
IR i} L
1 a2 | il 4 | 5
Rl o
! ! N
__________________________________
oot !
IR L
8 T i 11 12
oo ‘ P
Voo !
o i

Figure 2-7: Pseudo blocks created in the grid system
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Pseudo pressure profiles will be specified as pressure conditions for windows to calculate
the pressure distribution of refined grids. Instead of the procéttooeduced byBiterge and
Ertekirf®, we will first get the total flow rateof each coarse blockhere refined blocks are
createdor theexistingwell and fractures. Thethe flow rate for these coarse blocks will be set
as boundary conditions so as to calculate the pressure distribution just for coarse blocks. Once
pressures of coarse blocks apelated, they will be used for pseudo pressure boundary

calculatiors.

2.3.3 LGR Application for Well and Hydraulic Fracture

As wells and hydraulic fractures can be treatedessangular prismm simulation,
locally refined grids are appd to represerthem. Figure B shows the grid system for the

reservoir with a horizontal well and a hydraulic fracture.

= horizontal well
hydraulic fracture

Figure 2-8: LGR application in a reservoir system with a horizontal well and a hydraulic
fracture
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2.4 Numerical Model

The rumerical model in this gty is esthlished on som&ndamental calculation&irst,
we need to usthefinite-difference equation to approximate the continuity equation. Setteand,
flow rate of the fluid into the well and fracture will be calculabgdisingtheresidual equatio.
Third, when LGR is implemented, windows and coarse blocks sloamununicateFinally, a
solver will be applied to solve the finitéfference equations both in coarse blocks and in

windows. Theséour procedures will be discussed in detail in fibidowing sections.

2.4.1Finite-Difference Approximation for Continuity Equation in Single-Phase
Compressible Fluid Flow

The continuity guation describes the physics of singlease compressible fluid flow
mathematically. Due to its ndimearity, this equationis easier to be solved numerically. Thus, a
second order finitgifference approximation is introduced to represent the continuity equation
and to get the numerical solution. In the numerical model a-bendtered grid system is applied.

By ignoring the gravity terms, @uation (2.18) can be rewritten as:

o

“_l:‘é%_i §X Fyﬁ%jyﬁﬁé#z %ii)x %D@Jsgﬁ—%"z (226
where
A=D1
A=DRi
A=Y
P TZ

B,=——1% %
¢ 5619, p
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In finite-difference form, Equation (262 canalso be written as:

o nt .
a A(kx n+l nt K< 0 n k n 1+
% ) (el o) %a Lol #)
|+_11k 9 i%yik_
a Ayk nc”)1 ak "o
(P -HLE) - glry )
B Dy_ s O an
|]+ Kk ] EF (227)
o nt .
k (0]
n+1 z et n n l+ )
%8 Pk« R Jk) - o g(pm ij-l) g
9 i,jk~'2
_C;Inrt n+1 C;]k n
Dt pl,j,k ID n,jk
where
é‘Tchbf 6
1,j k (0]
: stcTZ i,T,k

Arrangng the Equation (2.2) with transmissibility term#n matrix notation, webtain:

Enﬂ(pmk Qna‘lf) 'ankl( B« ﬁlkj Wk( 2 iP}f)
S”fi(ﬁﬂ’i -pji-l;k) P (ld;k+1 ) ﬁi,(iﬁk, 'S ) (2.28)

n+1 n
_Gl,j,k C;i,j,k

n+l
Dt Dt

n

Rk

+qg p|,j,k -

wherethe transmissibility terms are defined as:

Ak G
B =& o0 8
¢ 9= ik
& Ak 5
n+l _ .
ik —
gﬁBng i_:_%’j’k
° ngl
n+l _a A/ky g
i,jk
S8,y T2k
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n+l _é' A\/ky O
ik _Q;& 8
¢ B,Dy B

n+l1 _a Azkz O

dk T 8
8,02 Feod

A transmissibility term has two parsconstant part andnonlinear part. For example,

n+l

ik can be written as:

A

o

o ntl
n+l _aAKkX Q e 1 O
i _8AK 8 (2.29
Tk ¢ Dx i%,j,k g;iéB@l i+8_1,i,k
2

In Equation (2.2), thefirst term remains constant once the grids are crehtisd.

determined by using the harmonic averaging.

é‘A(kx 6 —_— ZAﬂ,Jk A§+1,Jk Kﬁk |&ﬂ4k
' 5 = (2.30)
Q DX i%’j’k A‘wk Kﬁ,lk [X+l,j,k -Aﬂ‘k l&mk )Qk

The second term is ndimear, which is the function of pressure and temperafAse
temperature is assumed constant in this study, it will be different when pressure changes. The

norntlinear term can be detmined via linear interpolation:

o

D 1 o6 0 a !
i K %é 8 1jk ? 1
- ¢85 a1, 9 gk’

DXi,j,k + ﬂl,jk

Qo

Qo
[N

Og}T

w

«Q

o FOD: O

(2.31)

i, K
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2.4.2 Application of ResidualEquation to Calculate Flow Rate rom Well and Fracture

The fow rate into the well and fractures will be calculated by the residual equratiois
model First, hypothetical cells are created around the well and fractureTdedlse hypothetical
cellsshouldbe small enough to ignore the accumulation ternentthe residual equatiamill be
applied to thesemallcells In these cells and those representing the well and fractures, pressure
will be specified Fluid flow rate into the well and fractureslMbe equivalent to the total residual

of these hypothetical cell¥he esidual equation for oreell can be written as:

qlnﬁ(: %H y prluk p}kj ‘%,ﬂk— ﬁ;kj
% 8l (Pt -n ‘—% (P - Aty ) (2.32)
i3'+§,k

nl+

n 1+
Rix ij-l)

NH-CO (o}

qirﬁ: njt = Ean plljk Vlvjﬂkll ' lelihjlm
S ALY Be Bl W s ka P

(2.33)

where
Clix = (EI”J:E Wi ONLTOSET AR .$kl)*
There are two cases to be treated. One is the system of a horizontal well and hydraulic
fractures with infinite dirensionless conductivity. As fracture dimensionlesslaootivity is
regarded as infiniteK., >500), we can ignore the pressure drop in the fracture. Thus, by using
LGR the fracture cells and hypothetical cells around them will be set for a specified pressure

which remains constant throughout the simulation proddesesidual equatiowhenapplied
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for these hypothetical cells will m®nsidered as the flow rate into the fracture. Figu®ea@d
Figure 210 showthe case in two dimensions. Figure 210, we can calculate the flow rate from

thewell and fracture separatedyd the total flow ratas

20
o 1
d=adq (¢ & a5 g forwel (2.39)
i=1
30 1
d =aq 43(05 & ot qg for fracture (2.35)
i=21
g =q, 19, forbothwelland fractur (2.36)

] horizontal well

hydraulic fracture

Pst | Pst | Pst
Pst | Pst | Pst
Pst | Pst | Pst
Pst | Pst | Pst

Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst

Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst

Pst Psf Psf
Pst Pst Psf
Pst Pst Pst
Pst Pst Pst

Figure 2-9: Pressure specified in windows for a reservoir system of a horizontal well and a
hydraulic fracture with infinite dimensionless conductivity
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Qo1 Ges
G2 Gs
O3 Go7
G4 Cbs
G| @ | B % | & G | O [ % | % | %o

Gin | Ch2 | @3 | Oua | Chs Oi6 | Ch7 | Ghs | Gio | ko
Qo Os3
S<0) Os4
Os1 Oss
Os2 Oss

Figure 2-10: Flow rate in hypothetical cells for a reservoir system of a horizontal well and a
hydraulic fracture with infinite dimensionless conductivity

The other case is the system of a horizontal well and hydraulic fractures with finite
dimensionless conductty ( F., <500). As the dimensionledsactureconductivity decreases,

pressure drop ithefracture should not be neglected. Thargssure solutions itnefracture also
need to be updated. Figurel2and Figure 22 show the case in two dimensions. In Figufe 2

we can calculate the flow ratem thewell and fracture separately and the total flow este
20
q,=a ¢, fromwell (2.37)

i=1

o, =Q, 10, from fracture (2.39)
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g =q, 1, frombothwelland fractut (2.39

] horizontal well

hydraulic fracture

Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst

Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst Pst

Figure 2-11: Pressure specified in windows for a reservoir system of a horizontal well and a
hydraulic fracture with finite dimensionless conductivity
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G| 2| B| B | | % | G| & | G| G | Go

Ohr | Q2 | Guz | Ghsa | G5 | G2 | O | Gu7z [ Chs | Owo | Cbo

Figure 2-12 Flow rate in hypothetical cells for a reservoir system of a horizontal weind a
hydraulic fracture with finite dimensionless conductivity

2.43 Communication between Coarsdlocks and Windows

Communication betweerparseblocks and windows is composed of two parts.

One is the data transmission from coarse blocks to windows. In this model we use the
pressure distribution of coarse blocks to calculate the pseudo pressure boundaries surrounding the
windows (as discussed inct®n 2.3). These pseudo pressure boundaries will be changed with

the update of coarse pressure solutions, but will remain constant when solving the pressure

distribution of refined grids.
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The othempart involveshe data transmission from windovescoase blocks. Here we
use the totdllow rate in each coarse block which repres¢mesvell and fracturesBased orthe
system of Figure-20 or Fgure2-12, we can calculate the total flow réoe the coarse block3
containing the well and fracturafter data transmission from windows to coarse blocks, we are

able to update the pressure distribution of coarse blockpdmifying the flow rate, sdéigure 2

13.

P1 P2 P3 P4 Ps

Ps p7 Ps Po P10

:> P11 | P12 Pas P1a | Pis
J13

P16 P17 P1s P19 P20

P21 P22 P23 P24 P2s

Figure 2-13: Data transmission from windows to coarse blocks

2.4.4Solver: The Preconditional Bi-Conjugate Gradient Method

Based ora two dimensional system in Figurel2and Equation (2.29we have the

equation for each block as:

n

G"
+1 ik + + + +
Qy = Iljjt e Ele Pl WP NE B % Pa " Q%" (240

where

n+; é n n n + + G|n+l
Clix = %Jt WO NS #
¢
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(2.41)

In the system of Equatior{8.41), the lefthand side is the coefficient matrix muliipig

thepressure vectpand the righthand side is thaegative residualector.

To solve sucla system oéquatioss, a solver is introduced.

7 8 9
4 5 6
1 2 3

Figure 2-14: A two dimensional system

The preconditioned Bonjugate gradient method is an efficient way to selmmetric

positive definite systemke this. As compared t&IP, the preconditiondui-conjugate gradient

does not need to spend time on selecting proper iteration parameters, which will affect the

performance of the method. Also, when the number afedfgridsincreasesSIPmay facethe



29
problem of convergence. However, the preconditidnembnjugate gradient methadll provide
a stable solution.
By using the preconditioner, the speed of convergéarahis method will increase
significantly. In ths study, the diagonal preconditiongused to increase the speed. The diagonal
preconditioner is the main diagonal of the coefficient matrix. Based on the systégoief 214

and Equation (2.41), we will have the diagonal preconditioner as:

4C, 0 00 0 0 0 0 O
20 C, 00 0 00 0O O
@0 0 C, 0 0 0O 0 O
20 0 0C, 0 0 0 0 O
0 0 00C 00 0 0
®0 0 00 0C O O O
200 00 0 0C 0 O
20 0 00 O 0 0C, O
0 0 00 0 0 0 0GC,

2.4.5 Computer Model

The model is developagsing C++ under Microsoft Visual Studio 2010 for btita
windows platform andheLinux platform It is capable of simulating the singhase
compressible fluid flow in tight sands with a rontal well and hydraulic fractures (both infinite
dimensionless conductivity and finite dimensionless conductivity) in three dimensidhis
model, we will assume:

(1) Temperature in the reservoir is constant.

(2) Reservoir properties are homogeneous artdogic.

(3) The gravity term is ignored.

(4) No-flow outer boundary is considered.
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Forthewellbore and fracture, sandface pressure is specified in all cases to determine the
production rate. The model is used for analyzing the production performancehsffreit ur e 6 s
feature andher e ser voir matri x6s permeability change.

fracture conductivitiegdifferentnumbes of fracture stages, different matrix pexabilitiesand

different fracturdengthsof fracture stages are simulated and analyzed.

2.4.6 Flow Chart

Implement
N LGR to refine
|dent|_fy e the target grids
ﬁput rmvoi\ oo and set the
( ) > wdl& > ; Output results —» End
@ fluid dazy f ; location and
R racturesin
— feature for well
& fracturesin
windows
l Calculate the
flow rate and
s cumulative
) m“alslt;lhe production for
¥ well, fractures
and al
separately
A,
. Update
Construct RG] r_le_tl_we pseudo
- transmissibility
coefficient < < pressure
: terms for
matrix . boundary for
windows .
l windows
Call
BICGSTAB
solver
Update
pressure
solution and Update
transmissibility pressure
termsin solution in
windows coarse blocks
A
Y
Cadlculate the
oo | _|wansmsailty Condiruct cal
: > > coefficient » BICGSTAB
block holding terms for .
matrix solver
well and coarse blocks
fractures

Figure 2-15: Flow chart for the developed model
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In Figure 215, he model starts with the input of reservoir and fluid data. Next, block
systems with both coarsdocks and refined blocks need to be created, followed by the
initializing for system. After that, it will enter the loop of communication between coarse blocks
and windows. In the loop, first thing to do is updating pseudo block pressure, and d&t it as t
pressure boundary for the windows. Then the transmissibility terms and construct coefficient
matrix for windowsshould be determined solver calledhe preconditioned Bionjugate
gradient methodk used in this model to calculate the pressure. Afteating pressure, we are
able to calculate the flow rate for coarse blocks holthegvell or fracture by residual method,
and set it as the flow rate specified boundary for coarse block pressures calculation. Next,
transmissibility term and coeffent matrix are to set up. The preconditionegtbhjugate
gradient methoavill be called again to solve for pressure solution, but this time is for coarse
blocks. Then we must check the pressure convergence. If pressures do not converge, loop will
continue. Oher wi se, weod6ll go out of | oop and calcul a
from well, fracture and botiNext thing is tocheck the material balance tife material balance is

acceptablewe can safely output the results.
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Chapter 3

MODEL VERIFICATION

In this chapter| use the developed model to simulat@nglephase compressible fluid
reservoir with a horizontal well and a horizontal well and a hydraulic fracture in three
dimensions. The production performances then will be compared with that Ednir
commercial model CMQ@n the meanwhile, the sensitivignalysis for constagta and 6 will
be studied.

To represent the radiallindrical hole Goktas and Ertekirshowed that it can be
approximateds a combination of rectangular cells which share the same volume. Based on this

principle, for a horizontal well, Fige 31 shows the apprimation. From Figure -3 wehave:

Dx =D P (2.42)

=7

Figure 3-1: Horizontal well approximation

To represent the hydraulic fracture, it can also be approximatedeages ofectangular
cells Figure 32 shows a hydraulic fracture across a horizontal well. As fracture width is usually
too small to put it int@grid in simulation, we will uséhe equivalent fracture width, which is
determined by the smallest size of the grid in this modeln Tine equivalent fracture

permeability can be calculated by Equation (2.20).
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Figure 3-2: Hydraulic fracture approximation with a horizontal well

3.1 Simulation of a Single Horizontal Well

There is only onéorizontal well in the reservoir system. The properties of reservoir and
fluid can be seen in Table13 The horizontal well is located at the center of the resefsedr
Figure 33). The productioris predicted bythedeveloped modelheresultsare canpared with
thosefrom GEM provided byCMG. Also, different degrezof grid refinement will be simulated

(see Table 2).



Table 3-1: Reservoir and fluid propertiesfor validation
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Reservoir size; x,y,z 5000 ft * 5000 ft * 80 ft
Matrix permeability; k=k =k, 0.1 md
Porosity,. 0.1
Reservoir temperature, T 660 R
Intial reservoir pressure; p 2500 psia
Temperature at standard conditiog, T 520R
Pressure at standard conditiog, p 14.7 psia
Fluid molecular weight, Iy] 16.043
Fluid critical temperature, I 343.3R
Fluid critical pressure,p 666.4 psia
Sandface pressureyp 14.7 psia
Wellbore radius,§ 0.25
Skin 0
Horizontal well length 2000 ft

Table 3-2: Grid information in Figure s 3-4 to 3-7

Case Refinement information Coarse blocks size
x dimension (ft) y dimension (ft) z dimension (ft
. . 600, 500, 7*400,/ 1200, 600, 300, 200, 150, 1
Commercial model 1 no refinement 500, 600 150, 200, 300, 600, 1200 5,10, 50, 10, 5
. 600, 500, 7*400,/ 1200, 600, 300, 200, 150, 1
- , 500, ) , 600, 300, 200, 150,
Commercial model 2 3*3*3 LGR 500, 600 150, 200, 300, 600, 1200 5, 10, 50, 10, §
. 600, 500, 7*400, 1200, 600, 300, 200, 150, 1
e , 500, ) , 600, 300, 200, 150,
Commercial model 3 5*5*5 LGR 500, 600 150, 200, 300, 600, 1200 5,10, 50, 10, 5
. U=b=1. 2 | 600,500, 74400,1200, 600, 300, 200, 150, 1
Residual method 1| v smallgrid size = 2| 500, 600 150, 200, 300, 600, 1200| > 10 90 10:3
U=bh=1.5 600, 500, 7*400, 1200, 600, 300, 200, 150, 1
Residual thod 2 . . ! ' | ’ ' ' ’ '“15, 10, 50, 10, §
esSIdualMeTNOC 2 1, niform small grid size =3{ 500, 600 150, 200, 300, 600, 1200
. U=b=2 600, 500, 7*400,/ 1200, 600, 300, 200, 150, 1
Residual method 3 | | o smallgrid size =4| 500, 600 150, 200, 300, 600, 1200| > 10 0+ 10,3
Thuesicr’]e";'eoaieec:nr:ﬁ,ge 600, 500, 7*400) 1200, 600, 300, 200,150, 1 . . .
9 500, 600 150, 200, 300, 600, 1200 ~ T
wellbore model 1
The developed mode 600, 500, 400, | 1200, 600, 300, 200, 150, 3 5 10. 20. 10. 2
using Peaceman's 10*200, 400, 500 30, 35, 150, 200, 300, 60Q ' ’10 5 '
wellbore model 2 600 1200 '
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Vertical plane

Top view

Horizontal well

Figure 3-3: Location of the well in coarse blocksystem

For reservoir simulation, the accuracy of results is related to the grid size. Theoretically
speaking, the accuracy increases when the deagrgrid refinement is higher, because at th
time the pressure disiioution is smoother to represent the real pressuretimmssiven this, the
developed model with three refinement cases and the commercial model with three refinement

cases are simulated.

Case 1: Sandfac@ressure is 14.7 psi and matrix permeability is 0.1 md

Figure 34 shows the trend of cumulative production with time. From this figure we can
see that when the degreegoid refinement is higher, production fraime commercial modeand
productionfromihe devel oped model us i merreaBeOn thecothern 6 s

hand, production frorthedeveloped modalsing the residual methadcreases whetne

wel
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refinement is bettei hus,it demonstrates that the basic part in the developed model woltks we
in this reservoir system, and that the residual method and the LGR technigue can provide an
accurate resulThere aredifferences of productiors betweerthe commerciamodel and the
developed model, buley aretolerated. Because different equatiors ased to calculate Z factor
in these two models. In the developed model, Drandthdu-Kassem EOS is used, while Peng

Robinson EOS is used in the commercial model.

. When production increases less and the line representing production becomes flat at late

time, then the results in the developed modelthaccommercial modetill converge.In this

case, as sandface pressure and matrix permeability are low, times soal&arge when

production does not increase significantly. In case 2, sandface pressure and matrix permeability

increases in order to see the production performance in late time period, when production
increases less.

Figure 35 shows the change of puaetion rate with time. We can see that during the
early period (less than 100 days), the discrepancy between the commercial model and the
developed model using the residual method is large. As the time increases, the difference
becomes small. Also, we care that the trend of production rate from the commercial model is
similar with that from the developed model

validates the basic parts of the developed model.
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Figure 3-4: Comparison of cumulative production {ust a horizontal well) in case 1
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Figure 3-5: Comparison of flow rate (just a horizontal well)in case 1

Case 2: Sandface pressure is 1000 psi and matrix permeability is 0.5 md

Figure 36 and Figure & show the comparison of cumulative production and flow rate
separately. We can see that results from the developed model and the commercial model are
closed. This observation validates the developed model. Also, we can see énF8ghat from
2000 days to 4000 days, there are some differences in production between the developed model
and the commercial model. This is the sgzhenomenoms in Figure 3. This phenomenon is
toleratedas | discussed above, due to different equafior calculaing Z factor in these two

models. And this phenomenon also appeaFdare 39 and Figure 32, which is also tolerated.
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Figure 3-6: Comparison of cumulative production (just a horizontal well)in case 2
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3.2 Simulation of a Horizontal Well and a Hydraulic Fracture with Infinite Dimensionless
Conductivity

A horizontal well and a hydraulic fracture with infinite dimensionless conductivity are
added to the reservoir system for validation in this Fdme well is located at the center in the
reservoir as in the first section. The fracture is perforated dheng directionsee Figure 3).
Table 31is used to identify the properties for reservoir and fluid. Tak3esBows the properties

of the hydraulic fracture in this sectiofable 34 gives the grid information for each case.

Table 3-3: Hydraulic fracture (infinite dimensionless conductivity) properties for validation

Information of fracture with infinite demensionless conductivity
fracture | . . fracture |fracture | fracture equivalent | equivalent
Case . dimensionlesy - . fracture fracture
width .. '|permeability | height [half-length X -
(in) conductivity (md) (f) (f) width perme ability
(ft) (md)
Commercial model 1l 0.5 600 288000 50 200 0.443113 | 27081.13
Commercial model 2l 0.5 600 288000 50 200 0.443113 27081.13
Commercial model 3 0.5 600 288000 50 200 0.443113 | 27081.13
Residual method 1| 0.5 50 200 0.443113
Residual method 2| 0.5 50 200 0.443113
Residual method 3| 0.5 50 200 0.443113

Table 3-4: Grid information in Figure 3 -9 and Figure 310

Case Refinement information Coarse blocks size

x dimension (ft) y dimension (ft) z dimension (ft

Commercial model 1 no refinement 600’5;’8%30400’ 122206280328022801igoé 5, 10, 50, 10, §
*,

Commerlmodeld  awaloR | S0, S00 T40011200,600 500,200,150, 1 ¢ 1, g5 1, d
',

comercamoei]  sosior | 000 TR0 B8 0 2 1 e 10,5010

Resial Met00 1| i vt i sz ] 560,600 | 150, 200, 00, 600, 1200] & 1080 10.
7] = = *,

ReSicual TEt092) o oot grisse=a ] 500,600 | 150, 200, 300. 600, 1200] & 10 %0 20,9

Residal Met1003| o it ot a6 1] 560,600 | 150, 200, 00, 600, 1200] > 1050, 10.
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z
T/V Vertical plane

Top view

Horizontal well

Hydraulic fracture

Figure 3-8: Location of the well and fracture (infinite F ¢p) in coarse blocksystem

Production performances for theguation are shown in Figure®Band Figure 3L0.
Figure 39 displays theeumulaive production for each case. Alar trend appears as in the last
section. This results in the conclusion that with better refinement, productions from two models
come cbser. Here we should notice that production of different refinement strategies will not
change much in the developed model.

In Figure 310, thegas rate islisplayedfor each case. Before 10 days, the differences are
large, especially the red line (representing the wefsnement irthe commercial model)
compared with others. However, results from the developed sodéth better witlthe
commercial modelvith betier refinementStarting from 10 days, all profilesatchreasonably

well.



Figure 3-9: Comparison of cumulative production (a horizontal well and a hydraulic
fracture with infinite dimensionless conductivity)
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