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Effect of biaxial Tensile Loading Ratio (o, ,0,)
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Abstract

This paper deals with the computer simulation of stress distribution in a plane
model of mild steel under biaxial tensile loading. The goal is to visualize the crack
behavior under deferent ratios of biaxial loading through linear elastic fracture
mechanics theory. A finite element method is considered in calculating the mixed
mode of stress intensity factor that governing the influence of stresses distribution
around the crack. Aspects of crack propagation are considered. It is found that the
maximum circumference stress is not of the plane of crack but that inclined by an
angle (68) from it.
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1. Introduction

Considerable work has already
been devoted to study on the crack
tip behavior based on uniaxial
loading. But the cracked structure
may expose to biaxial loading and
may have a significant influence on
the crack behavior, so these studies
do not cover the solution of such
problems. However, unexpected
results arise like the branched crack
propagation, curved crack

propagation. Crack closure can be
found in structures the subjected to

biaxial loading, also, any inclined
crack with the axis of uniaxial lead,
Fig.{1) will be under a mixed mode
toading just like the effect of biaxial
otie, Therefore the real considerable
working for the fracture mechanics
always takes in account the
probability of introduction mixed
mode loading. The stress intensity
factors are the fundamental
guantittes describe the  stress
distribution as a function of crack
length and the applied load. These
quantitics were expressed firstly by
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TIrwin [1] as a three deferent types of
K. The mixed mode of K; and Kjy 15
simulating the crack plane structure.
Stress intensity factors used by Paris
and Sih [2] to describe the actual
displacement at and near a crack.
Rice[3] introduce an expression for
the J-Integral as an evaluation
approach which can be defined as a
path independent line integral that
measure the strength of singular
stress and strain near crack tip.

Fig.(1) An inclined crack with the axis
of uniaxial load haws mixed meode
loading on crack tip.

The basic assumption used,
usuatly, that the crack propagates
in a direction that is normal to
the maximum tensile stress. The
appearance of curved crack, even if
it is under uniform tensile loading,
supports the theories that state the
direction of the next crack tp
propagation is not normal to the
plane of the load. Tulia[4], proposed
that these theories are based on the
stress intensity factors and have
shown good agreemeni  with
experimental results, which
represented by Erdogan|5],
Hussain[6], and Sih[7]. Erdogan
assumes that the crack propagates in
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the direction that maximizes the
function 6(8), i.e. the circumferential
stress around the crack tip. Hussain
states that the crack propagates in
the direction that maximizes the
potential energy released G(8), as
the crack propagation. While Sih,
state that crack extension takes place
in the direction along which the
strain energy density S{0), possesses
a minimum value.

2. Theoretical Counsideration
2.1 Elastic Finite Element Field
Equations

The work is based on the
basic principles of linear elastic
fracture 1o solve the  stress
distribution in the vicinity of crack
tip. These stresses will be described
by stress intensity factors (SIFs} [1],
the ends of a crack in 2D body are
called the crack tip, while in 3D
stress field ihe intersection of the
crack surface and the body is called
erack front, Fig (2). In simulation of
crack in 2D plate structure, i is
usuaily the combination of mode 1
and mode II of SIFs is of interest in
this paper.
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‘Therefore the actual displacement at
and near a crack, which can be
described as [2]:

u =%E[(2k— ﬁmsg— ms%}-
%E {[zk + 5)stn? + sin ?zi]

(1}

E;

_E . E _ 3$}
= [(Zk 1]51112 sin -

Kpr E 2B
‘”\F {(Ek +3}cos + cos— }

(2)
Where, u and v are the
displacements in a local Cartesian
coordinate system. r, @ are
coordinates in a local cylindrical
coordinate system, G is the shear
modulus. k= {3-4v) for plane strain
or axisymmetric. k= (3-v/i+v) for
plane stress. v is the Poisson's ratio.
Evaluating Eq.(1) and (2) at 6=x 180
and dropping the higher order terms
yield.

=5 f (1+k) (3)
1:‘“—\’—(1 + k) {4)

For model symmetric about the
crack plane (half-crack model) as
shown in Fig.(3-a), Eqs (3) and (4)
can be reorganized to give.

_ 26 1=l
K =VIms 7 (53
2G|
Ky=v2m - %— (0}

For the case of no symmetry (full-
crack modei} as shown in Fig.{3-b)
K, and K,; can be written as:

- L
Kf =2r 1+Ek ‘L'f : (?)
b5
Kp=v2nio "= (8)

Where Av and Au are the motions of
one crack face with respect 1o the
other

Fig.(3) nodes used for the approximaie
crack tip displacement: (a) half crack
model, (b) full crack model.

2.2 Computation of Stress Intensity
Factors (51Fs)

The stress intensity factors are the
fundamental quantities describing
the singular elastic stresses. They are
functions of the length and
orientation of the crack, the
geometry of the body, and the
applied load distribution. A major
advance was made by Irwin [1]
when he developed the siress
intensity approach. From linear
elastic theory Irwin showed that the
stresses in the vicinity of a crack tip
take the from

Where r, & are the cylindrical polar
coordinates of a point with respect to
the crack tip, Fig. (4). K is 2
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consiant called the stress intensity
factor, which give the magnitude of
the elastic stress filed. The Griffith-
Trwin solution for cracked plate gave
a more general approach of Eq. (9)
to determine the SIF at the tip as

Kp= Gﬂﬁ {107

K, is the opening mede of the stress
intensity factor; therefore it can be
defined as [8]

Ky = lim,_q Gugra—g¥a (Mpava)(11)

Fig{4) Crack in finite plate under
uniaxial stress.

The stress intensity factors are
function of the length and
orientation of the crack, the
geometry of the body, and the
applied load distribution. For the
uniaxially loaded case the mode 1
stress intensity factors can be
calculated theoretically from

K, = Covma (12)

Where, C takes into account the
effects of geometry, the crack length
and the applied load. C is equal to
1.0 for a crack, located in a
uniformly loaded infinite plate
perpendicular  to  the loading
direction. Analytical and empirical
expressions for stress intensity
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factors are collected in
compendiums such as Tada et al [9]
for specimens of simple geometty
with various crack configurations
and load combinations.
2.3 The J-Integral Evaluation
Approach

In its simplest from, the J-Integral
can be defined as a path-
Independent line integral that
measures the strength of the singular
stresses and strains near a crack tip.
An expression for J in 2D from
introduction by rice [10] is shown
below. It assumes that the crack lies
in the global Cartesian x-y plane,
with x parallel to the crack, as
shown 1n Fig.(3).

]

J-Integral contour path
surronnding a crack tip

Fig.(3)

du
,'=J-mdy—[[ﬂ—x~ds {13}
T r

Where [ is any path surrounding the
crack tip, w is strain energy density
(that is, strain energy per unii
volume), T is traction vector, u is
traction displacement. To evaluate
the stress intensity factor for plane
stress the following equation can be
written as
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K = J,-ff for plane stress  (14)

Where, E is the Young modulus. In
case of biaxial loading, Lrwin[l1}
used the stress o,, and o,, and 1, to
introduce the siress intensity factors
as:

K} Oyy
{:({”}= hm \&E{T!}’l (15)
r=0 B T
It ¥z

2.4 The J-angle of maximum stress
In this study, it is demonstrated that
the maximum siress, under biaxial
tensile loading, occurs at an angle @
# °0. After developing equation.
(15), linear elastic approach can be
used to predict the direction of the
next crack increment, Saouma[l2].
Stress  intensity factor at each
location of the crack tip can be used
to deduce the stress conceniration. 1t
is necessary to know that this
procedure involved remeshing of the
domain containing the continuously
changing crack geometry and a
mode! for predication of the crack
growth. The procedure is agreed
with the maximum circunferential
stress criterion. Under general mixed
mode loading, the asymptotic near-
tip circumnferential and shear stresses
take the form:

{Uﬂﬂ} _ Ks l 'l:l'.'.l‘S2 £Os 2

T I 8 e {+
Tre T A gn- 4 sin—
z 2

. B8 af

&y 1 —3sin;—3sin—

. B
2rd ! cosc+ 3cos ?

{16)

The circumferential stress on the
direction of crack propagation 15 2
principal stress. Therefore, the
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critical angle — defining the radial
direction of propagation can be
determined by setting the shear
siress in Eq. {16) to zero. After a few
manipulations, the following
expression is obtained: '

1 o, .
=0y [zi{}:mtﬁ' +
éK{r(ECDsa - 1)] =1

(17)
This leads to the equation defining,
the angle of crack propagation in the
tip coordinate system.
K,sin@, + K, {3cosf, ~ 1) =0 (18)

2.5 The erack tip element

2D quadratic solid elements, area
glement with a maximwm order of
eight nodes, Fig.(6), each node has
two degree of freedom, this element
as a plane element (plan stress) is
used in this study, which can
represent a finite eclement model
under pressure  loading. The
specialist of the crack tip element is
achieved by placing triangular
elements instead of the quadratic
one with mid-side node near the
crack tip, which obtained by
collapsing one side of the
guadrilateral eleiment [14], in order
to generate only the hard points in
the models, where the stress
concentration supposed to be, like
the crack tip, Fig.(6).
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Fip.(6) Singular quadrilateral element for
crack tip, with the triangular
collapsed element.

Thus, the triangular collapsed
elements are chosen in this study to
generate only the hard point in the
models, where the stress
concentrations supposed to be, like
the crack tip. Fig(7) clears the
ahove description and may represent
ihe best refining and orientation of

finite element for such single edge

cracked plate without symmetry.
There is row of 16 triangular
elements around the tip, forming a
circle with radius of 0.15 a, also the
second row around the crack tip will
have the same ratio of the first row
radius, but with no more triangular
elements.,

J

Fig.(7) The finite element mesh used
for plate with single edge crack
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3. Results and Discussion

The ANSYS finite element
package was used to present the
stresses distribution in the vicinity of
crack tip which may use to describe
the crack behavior under different
biaxial loading ratios for an isotropic
material. The maximum values of
these stresses are of most interest 10
estimate the next propagation of the
crack. The model used in this study
is a plate with central crack. The
material and geometric properties
were described in Fig.(8). While the
element type is a plane quadrilateral
structure solid, has eight nodes with
two degree of freedom at each node
as shown in Fig.{6).

Five biaxial tensile loading ratios
(oc/ay) in additien 1o uniaxial one
are used 1o study the biaxiality effect
on crack behavior, The loading
ratios (0, 0.5, 1., 1.5, 2 and 3) had
been chosen. Stress distributions for
these cases as a function of the
distance from the crack tip were
downloaded in only two figures, see
Figs.(9) and (10), one figure for Y-
direction and the other for x-
direction respectively. Fig (9) shows
identical distribution of stresses
when the loading ratios are o./oy <
1.5. But there is a sudden drooping
of normal stress o,y at the tip under
the biaxiality ratio oy, < 2, which
can be estimated clearly from
Fig(10) as a variation of stress
viruses loading ratio at the tip. It is
found that the final identification of
stress distributions occurs at the
biaxial ratio of 6,/6,=1.98, then the
drooping of stress Gy, at the tip from
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13.8 o, to 7.80, ocours directly
before the loading ratio G, /o,=2.
Fig.(11) describes oy distribution
under different biaxial loading. It
shows that a graduate increment of
0.50, approximately for every 0.5
increment in oJ/o, at the tip.
Advancing away from the crack tip,
the normal stress oy obeyed only
the applied stress ox. The probability
of branched crack propagation or
curved crack make all area around
crack tip to be investigated, it was
found that the circumference stress
method is the best one io study the
stress distribution and to cover the
unexpected results. The area can be
divide by similar paths with 15° of
deviation between each other with
the tip as a center for paths, and
three  centralized circles  are
considered with the same tip as a
center for them also, the firsi circle
is of 0. 1w radius, the second of 0.2w
and the third one of 0.5w, where 2w
is the width of plate. Due to
symmetry only the 1* quarter of the
paths and circles plane was
considered, Fig.(12) 1Le. seven
angles (0,1 5,30,45,60,75,90 degrees)
assumed to be related with this
work. The results are defined for the
points of intersecting between the
radial and the three circles
(circumferences). It is clear that
there is a coincidenice of these points
on reiarding to the tip, so the
abundance number of readings Is at
the neighborhood of crack iip, which
represent the most important zone in
the area. The intersection of the 1*
quarter of circumference with the
seven radial paths can be shown in
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Fig.(13), which represents the
variation of stress Gy in the 17
circumference, with radius of G.1w,
for the three cases of biaxial loading
ratio, 0.5, 1, and 1.5 in addition to
the uniaxia! one. The magnitude of
oy, stress decreased upon increasing
the biaxial ratio, but 1t can be note
that for o /o, < 1, there are some
raises in the curves between angles
45° and 75°, which mean that if there
is any activity on the crack, it will be
in that domain.

In Fig.(14), the oy, stresses having
fewer magpitudes than those of
Fig{13). On advancing away from
the hole, at 0.5w, as in Fig.(13) there
is less difference in magnitudes
hetween the four distributions along
circumference and shows approach
with the applied one.

Figs.{13) to (15) show that there is
no effect of biaxial loading on the
considered area, excepi the stress
increment of distribution between
the angles 60° and 90°. To find the
exact angle of maximum stress, a
refining of the circumference paths
between these angles remarked the
angle 68°, which define the direction
of the assumed crack propagation, as
shown in Fig.(16). It is interesting to
note that the weakest crack is not the
crack normal to the load but the
crack inclined at 68° to the load.
This is unexpected result. For such
model, it is found that the
distributions of stresses at X-
direction have less respond to the
ratio of biaxiality loading than of
y-direction. The contour plot of the
stress distribution for the central
cracked model at the ratio o /oy =2
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s the represented iIn Fig.(17)-
Clearly, the great concentration of
stresses at the crack tip reduced at
this ratio from 138Mpa to 87.7Mpa,
put it still gives the tendency 1o
propagate the crack. The orientation
of colors in the plots supporis the
result of the direction of maximum
normal stresses that supposed to be
on the path of angle 68° from the
crack axis.

4, Conclusions

1. 1t is found that the stress
distribution around the tip of
cracked plate, with L=2W, does
not change under biaxial loading
rafios O /0y = 1.98, where L and
W are the length and width of
plate respectively then a large
variation occurs directly after this
loading ratio.

2 The distribution of normal stress
in the x-direction (0.0 at the
crack tip shows & graduate
increment of 0.50y approximately
for every 0.5 increment in the
biaxial ratio (o, /oy). But when
advancing away from the crack
tip, Ox Will reduce only to the
yalue of the applied stress O

3. The stress distribuiion along the
circumference around crack ip is
not uniform. It is found, for such
mode for example, that when the
applied load is perpendicular 10
the crack plane, the maximum
circumference Stress will be at
6%°, measured from crack plane,
This behavior explains the
phenamena of crack curvature ir
severa) materials,
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Fig.(8) A plate with central crack under
biaxiat load
{2} Material properties and geometry.
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A New Hybrid Grid Simulator for Multi Phase Flow in Oil
Reservoirs

By
Dr, Ahmed N. Nimir Al-Subech
Engineering College — Basrah University

Abstract

In the current study, a new simulator is designed to manipulate what is known as
hybrid grid global systern for il reservoir simulation. The global system composed of
two subsystems, one covering the regions around the well which is called radial (r-e}
model while the second is linear (x-y) which covers the rest of reservoir regions. The
constructed simulater is able to deal linear and radial twoe phase flow compressible oil
water with the consideration of the rock compressibility. The two subsysiems are
solved simultaneously within the global system of the reservoir. The outer and inner
boundary conditions batween the two systems are treated and improved interactively
during each time step dependirg on the relative positions of the two subsystems in
resgrvoir. The method of formulation and system solving also are introduced with the
main characteristics of the new simulator.
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Introduction

A reservoir simulation study is the
most effective means of achieving a
global picture of the reservoir system.
It can be thought as an effective tool
for screening, analysis and design.
Stmulator can be regarded as the basic
tool to conduet & reserveir simulation
study. It requires a good understanding
of the physical processes ocewring in
the reservoirs and a high level
sophistication and  maturity in
advanced mathematics and computer
programming, The cornerstones of a
reservoir simulation are:

1- The mathematical modeling.
2- Laboratory investigation

3- Ficld observations.

4- Computer code.
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These four cornerstones are interacting
with each other such that a continuous
feedback tales place for the mutual
benefit and enhancement of all the parts.

Even with the continual advances made
in both computational algerithms and
computer hardware used in reservoir
medeling studies, large-scale simulation
of fluid and heat flow in heterogeneous
rcservoirs remains & challenge. The
problem commoniy arises from intensive
computational requirement for detailed
modeling investigations of real-world
reservoir.[']

Computational efficiency and memory
scalability are the major subjects in
large-scale reservoir simulations. 1
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Reservoirs with long producing life are
containing the remaining e¢il in
staggered regions, also most reserveirs
have sophisticated structare and
geological formation. From other hand,
the presence of a well in the reservoir
led to cylindrical flow and high
sensitive regions around the well itself
with high rates of change through these
regions. For these reasons and cthers,
the conventional simulators are not
preferred which require huge input
data and may give wrong prediction.

In the current study, a new simulator 1s
designed to study the flow of two
phase oil - water in oil reservoir
represented by hybrid grid system, The
method of formulation and system
solving also are discussed with the
main characteristics of the new
simnulator.

Formulation method

Dakuang et. al. 1 2005, illustrated the
important reasons for the requirements
of more sophisticated simulators. The
leng life of reservoir production and
the reservoir of mature stage with high
water cut and high recovery led to
distribute the remaining oi! in scattered
pattens in the reservoir. These
scattered zones are more imporlant
than other regions, and thus more
focusing are peeded in these regions.
In other «cases, the larpe-scale
sophisticated reservoir requires highly
complex data and mathernatical efforts.

One of the main important solutions
for such cases is to combine coarse
grid simulation with fine grid
simulation techniques. The
underground flow of compressible oil
and water through porous media in oil
reservoeir can be governed bv what is
known as diffusivity equation. The
diffusivity equation can be derived by
applying the mass conservation, an
gquation of state and energy equation.
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The full derivation can be found in
references [4], [5], and [6].

For two dimensional two phase {low of
compressible oil and water through a
porous media, the diffusivity equations
are as follows:

e = 215 M

al, (vl & (& @]
&LFWL& H&Jj c@’[’b[éﬁ ?’a@ J+
3 = S0y (@)

Where A, and A, can be defined as:

K. K_b
Ao = AT LY
M
K K _b
Agy = =212 (D)
Ho

The compressibility of fluids and
formation rocks are considered. Applying
the finite difference and discretization
methods, eqt.(1) and eqt(2) can be
mransformed to the following equations:'*!

AT A8, -, A D) +
ﬂr[ru.r{arfw —}-ulayﬂ]}”‘ +Q~u_,' =

Vi .
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Hybrid grid system

Equations {5) and (6) describe the Two
phase flow through porous media
within two linear dimensions (x-y) as
shown in Fig.(1).

The production raté (§,) and injection
rate {§,) terms in equations (1), (2)
and equations (5), (0} are playing as
sink or source terms. These terms
transform the effects of producing well
or injection weil to the reservoir. The
cifects of the sink or source lerms are
initiated within its containing blocks
and then propagale through the
remaining  TESETVOir. The rale of
propagatiott depends on many factors
such as the magpitude of produetion of
injection tates, the size of well block,
the surrounding properties, and the
Jocation of block containing the well
relative to the boundaries of the
reservolr systetn.

The surrounding area around the well
position is of highly importance and
sensitivity. This is due to the high rates
of change in pressure and fluid
saturations occusred around the well.
Also, the flow stream in these areas is
purely radial and not linear in nature.
So, to describe the regions around the
well accurately, it s highly
recommended to use a governing
equation of flow which is differcnt
from that used to describe the flow
away from the well.

The diffusivity equations describing
the flow in radial two phase
compressible flow are: 18]
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To describe the flow around the well, a
cylindricel (r-8} diffustvity equation aré
required as shown in equation (11} for oil
phase and equation  (12) for water
phﬂS e_{S]. (%1

12, ), L2, z,)
r or e ar rt 89 °" 88

o ¢
il I N 11

24] o
li[r ?E:L}L_a-{ i“h]
e LAl A VIR

_aré
- aiBw},...,.......,...{12)

Grid orientation effect and
stream lines

The grid otientation effect is along
sianding lﬁ'-mblcm plaguing reservoir
cimulation. ' The existing anisofropy
determine the crientation of a coordinate
system’s principal  axes. In most
applications, reservoir simulators employ
orthogonal coordinate systems, where all
the axes are muiually perpendiculat. It is
imperative to align these axes with the
principal flow directions as shown in

Fig{3).

The first step in consueiing 2 numerical
model is the placement of the axcs.
Permeability anisotropy and coordinate
orthogonality must be considered 10
achieve good grid orientation.

A rotation of the computational grids
vields a sub standing different solution
finite difference schemes.
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The grid size and the number of grid poundery conditions of the outer Tegion
blocks are dependent of each other. In of cylindrical subsystem are determined
a defined fixed reservoit  gsystem, from the new values of -the surrounding
specifying the grid size determines the blocks in ihe linear subsystem. These
nurnber of grid blocks. The number values are improved -and corrected
and positions of wells in the reservoir continuously during each time period. In
play a dominate role in grid size and the same IManber, the boundary
type  selection. As  mentioned conditions for linear subsystem  are
previousty, the flow aromd the well dynamically determined  from  the
repion is radial in nature while the flow cylindrical sibsystem  and used
in region away from the well is linear. qutomatically to solve the sel of linear
- Comtbining linear and radial grids is subsystem eguations.
the best solution for simulating a
reservoir containing welis. The hybrid Solution approach
grid system can be as shown in Fig.(4). A pew sipulator is constructed in the
current study for hybrid cylindrica! {r-6)
Boundary conditions _ Jinear {x-y) grid systern to simulate the
As it is well known, the partial two phase compressible oil — water flow
differentia) equations that describe through POTCUS media. The
flow in porous media have constraints compressibility of formation rocks are
known as  initial and boundary considered.
conditions. The resulted mathematical
and difference model composed of two The constructed simulator is able to
ypes of sub systems, the firsi handle the cylindrical flow nature around
subsysiem s away from the well 18 and near the well region and solve their
containing the linear flow, and the system of governing equations  with
gecond  subsystem containing  the improved boundary conditions
oylindrical flow is around and near the separately. The linear {(x-y) set of
well region. The giobal grid system equations  are solved with converged
contains  lmedr (x-y) grid and results, The simultaneous solution
cylindrical {r-8) grid. method is used with applying simple
jteration method In iteration. At each
Gince the radial flow region around the time step, the effects of producing wells
well position is bounded by several orfand injection wells are transformed 10
blacks, and since these blocks my have the global system when the solution of
different conditions and propertics cylindrical  subsystem js  converged.
which led to different houndary These effects are introduced to global
conditions around the outer boundary system effect through the improving of
ot region during different time periods. boundary conditions and the converged
values of cylindrical subsystem. This
The inner boundary conditions iteration is continued until convergence
hetween the two su‘nsystemsaretreated is achieved for each time step. The
interactively. This is depending on the schematic drawing shown in Fig{5)
relative  positions  of the two cxplains the treatment of the two grid
sybsystems  in the global reservoir gubsystems during one iteration, while
systern,  The boundary conditions Fig,(6) illusirates the solution approach.
petween  the WO subsystems
coordinate the relation between the two Tested Problems
supsystems. For example, considering The constructed simulator in this study

the system illustrated in Fig. (4), the tested with a number of cases. One of
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them is an oil reservoir with two phase
flow, oil and water. The extension of
this reservoir is about 5600 m in length
and the same extension in width which
is covering an area about 31360000
square meters. The other important
properties are shown in Table {1). The
compressibility of oil, water, and
formation rock are comsidered. A
coarse linear grid of eight blocks in I
direction with eight blocks in J
direction. There is one exploration oil
producing well at block {1=8, J=1}. The
block containing a well is treated as a
separate  cylindrical subsystem  to
handle the cylindrical (r-0) flow near
and around the well region. The remain
global sysiem is considered as linear in
two dimension (x-y). The primary
preducing rates are not exceeding the
values beyond which the pressure
drawdown exceeds the limits of bubble
point pressure, This case is known as
case number (1.1) in the current study,
and the results of the run are shown in
Fig.(7) after 2500 days of simulation,
while Fig{8) shows the result of the
run after 5000 days. The numbering
scheme is shown in Fig.{9). The results
of the cylindrical flow in block (1=8,
J=1) for the same time are shown in
Table (2) and Table (3)

Fig{7) illustrates the  pressure
distribution of oil phase (Pa) for the
linear subsystem at the end of
accumulated time egual to {2500 Day)
according to grid of (8x8) blocks and
wil production rate equal to {81
STB/Day). The well is situated at
block (i=8, j=1). The pressure
distribution for radial subsystem is
shown in Table(2) which shows four
sectors in M direction (j=1 to 4) and
nine rings in N direction (i=1 to 9).
The first ring (ie. i=!, j=1,2,34) is
surrounding the bore hole of the well,
while the outer ring of the radial
subsystem (ie. =9, j=1.2,34) is
adjacent to the linear subsystem.

Towrnal for Engineering ScienceNo.2 22010

It can be seen from Fig. (7) and Tabie(2)
the final oil pressure after 2500 day a
the well grid block in the linear
subsystem is equal te (3907 Psi). This is
the same value which calculated in the
radial subsystem of outer ring (i.e. =9,
i=1,2,3,4)as shown in Table {2)

Fig. (8) demonstrates another run for the
same case {1.1) but for accumulated run
time equal to (3000 Day) and oil
production rate equal to {100 STB/Day).
Due lo higher production rates in the
second run, the pressure drawdown is
mote than that in the first one, The well
hole pressure is about (2000 Psi) (Grid
i=1,j=1,2,3.4 in radial subsystem) and the
pressure at the outer boundary of radial
subsystem is about (3436 Psi.) {grid i=9,
j=1,2,3,4ywhich is the same calculated
value in the linear grid (=8,=1).

Conclusions

1- The current study introduces a
new approach to improve the
boundaty conditions for the
hybrid grid model contaning
radial and linear subsystems.

2. The simuitaneous solution of the
radial and linsar subsystems in
the global model insures more
accurate  treatment of the
boundary conditions.

3. Fluid flow through the reservoir
is treated depending on ihe nature
of flow itself and thus gives more
accurate handling of fluid flow
typEs.

4- the grid networks in the proposed
simulator are designed with
consideration of fluid flow type
and streamlines of flow which led
1o minimization of what s known
as grid effect on the cument
simulator,

5. Due o using hybrid grid network,
the cells can be fine in the
interestedt area and coarser in the
other regions which led to
minimization in input data,

2010 10D el R o el peaih

——ssmnene




elapsed treatment time, and
comnputer Tequirements.

Nomenclature

A Cross ~ sectional area of a
block , Sq.ft.

B Formation volume factor of
phase 1, SCF/cuit.

by 1/81 Shrinkage factor of phase
I, cuft./SCF.

C I]fum'uation compressibility, P'st’

C, Ol compressibility, Psi”.

C,  Water compressibility, Psi.

D Depth of grid block from
certain datum, ft.

H Thickness of grid block, ft.

I Number of grid block in the x-
direction.

J Numiber of grid block in the y-
direction.

Kr, Relative permeability of phase
i

Kx  Horzontal absclute
permeability in the x- direction,
md.

Ky  Horizontal absclute
permeability in the y- direction,
md

Pc Capillary pressure , Psi.

Py Pressure of phase |, Psi.

P.:  Flowing well pressure , Psi.

Q Flow rate of phase 1, SCF/D.

Qi Flow rate of phase 1, SCF/Df
cu.ft. of grid bulk velume,

r External radius of grid block,
ft.

e External radius of aguifer block
, fi.

o Equivlant radius of weil , ft.

Ry Radius of well, ft.

R Solution gas / oil ration
SCF/STB.

5 Saturation of phase 1. fraction .

T, Finite — difference

Basrah Joumnal gn Science™No.2 ----

transmissibility for phase L
cwft. / (day-Psi).
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x,y  Directions in the Cartesian co-
ordinate system.

Gresek symbols

¥ Differential operator .

A Difference operator .

A, Grid spacing of ce-ordinate 3 {
XY, .

Ay Hotizontal diffcrence operator in
the x- direction.

A,  Horizontat difference operator in
the y- direction.

¥, Density of phase | in terms of
gradient, Psi. /it

Ag Mobility of phase 1, md/ c.p.

H Viscosity of phase 1, €.p.

¢ Porosity, fraction.

@,  Potential of phase 1, Psi.

Subscript Symbols

i Grid bleck index m the %-
direction.

1 - . .

i* > Boundary indices of grid block in
the x-direction.

] Grid block index in the y-
direction.

1 . . .

Jjt 5 Boundary indices of grid block in
the y-direction.

1 Phase . 1=0, 8. W

u (ias.

o il

r Rock. v

w Water,

Superscript Symbols

n

!

Time level.
Dertvative.
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Figure (3) The effect of the grid system orientation with respeci to main stream lines.!'
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cylindrical hybrid g,rid.“ 1l

Figure {4) An example of linear -
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Figure (6} Simple flowchart explains the main processes in the hybrid grid simulator in
the current study.
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Figure (7) Results of case # 1.1 after 2500 days (first rui).
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Case#1.1

A
g e o oy sy sy
N

Pressure {Psl.)

| direction

+s2% plapsed Time = . G4E+05 SEC.
£4% DYNAMIC LINEER

ACC. TIME = 500,006 Day. OT.= . 000939
Po {Fsi.) LAYER 1

Acc, 1l Prod.= LV10E+03 Roc. We= .DOE+20 MSTE

Figure (8) Results of case # 1.1 afier 3000 days (second run).

Basrah Journal for Engineering Science/MNo.2 /2010 2010 A 23nlf Aguxight o plall & jasl 1T




Global System

Basic Properties for Case # 1.1

Length = 5600 m width 5600 m  Net Thickness 70 m
Porosity = 19.0 % Horizontal Permeability = 175 md
Initial Pressure 4377 Psi.

Well locationin[=8, ] =1
No of Producer = 1

-

i
re = {(Ax- Ay~ ) it om
Logarithmic grid distribution

M= number of grid in r direction =9

M= number of grid in 0 direction =4

Leaaa————— ————— — — - _ . .. ________. . .. .1
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s4* Elapsed Time = 4EA05 SEC,
% NYNAMIC RADIAL
ACC. TIME = 2500,000 Day. oT=  .001000
Po {Psi.) LAYER 1
Acc. Oil Prod= .B1E+02 Acc. We= O0E+00 MSTHB
I=8% J=1 P.avg=23907.5Psi.
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