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Abstract Horizontal wells and hydraulic fracturing are the
key techniques to develop tight gas reservoirs efficiently,
but the related researches on the pressure of such wells in
arbitrary shaped reservoirs are rare. On this background,
this paper extends the boundary element method (BEM)
into application to study a multiple fractured horizontal
well (MFHW) in arbitrary shaped tight gas reservoirs. By
discretizing the outer boundary as well as the fractures, the
boundary integral equation can be derived through cou-
pling the fundamental solution of the Helmholtz equation
with the dimensionless diffusivity equation. Thereafter, the
coefficient matrix, including the fluxes and pressure on the
boundaries, can be assembled, and the bottomhole pressure
can be computed simultaneously. In this study, by com-
parison with some semi-analytical solution cases, the
accuracy of the results from the BEM was validated. Also,
the pressure response and its derivative type curves for a
MFHW in an elliptical drainage area were also analyzed,
and the effects of reservoir shape, fracture number together
with fracture distribution on type curves were examined,
respectively. The results suggest that the reservoir shape
has a weak effect on the type curves for a MFHW in a large
drainage area. If the reservoir size is not large enough
comparing to the size of MFHW, the effects of boundary
shape could become more obvious and the pressure wave
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would propagate to the closer boundary (i.e., the minor axis
is small) in a relatively short time, which leads to earlier
boundary reflection flow period.
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List of symbols

qv Flow rate per unit volume withdrawn from point
source (m3 /s)

¢ Porosity of the medium, fraction

0 Gas density at the reservoir condition (kg/m3)

Psc Gas density at the standard condition (kg/m3)

R An arbitrary point in the field

R Source point location in the field

t Production time (s)

VO Divergence operator

00 Dirac delta function

u Gas viscosity (Pa s)

p Reservoir pressure (Pa)

Psc Standard pressure (Pa)

Z Gas deviation factor (sm*/m>)

r Domain boundary

I'//I'; Subdomain boundary

n Outward normal (vector) to the boundary I
Di Initial pressure of the reservoir (Pa)
Pref Reference pressure (Pa)

m Pseudo-pressure of shale gas (Pa/s)
& Variable for coordinate transformation
k, Permeability in x direction (m?)
k Permeability in y direction (m?)

k, Permeability in z direction (m?)

G Fundamental solution

s Laplace variable

D Arbitrary point location in 2D domain field
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I Source point location in 2D domain field
0 Arbitrary point in the space domain

P Source point in the space domain

p Geometrical factor of point Q

h Formation thickness

ZwD Dimensionless midpoint of line source
gsep  Dimensionless linear source rate

Cp Dimensionless wellbore storage coefficient

Skin Skin factor

Horizontal length (m)

Half fracture length (m)

Fracture number

Half major axis distance of elliptical boundary (m)
Half minor axis distance of elliptical boundary (m)

S Q E_bh

Superscript
— Laplace domain
= Identification of tensor

Subscript

D  Dimensionless

sc  Standard condition
ref Reference variable

i Initial condition

g  Gas state at reservoir condition
f Fracture system

m  Matrix system

Introduction

Horizontal wells with massive hydraulic fracturing have
been proved as an efficient technology for enhancing fluid
recovery from low permeability reservoirs in the USA.
Recently, this technology has been utilized aggressively
across the world. It is obvious that the transient pressure
analysis is a powerful tool to recognize fluid flow charac-
teristics underground, where the conditions are difficult to
be predicted. Also, the modeling studies are mainly based
on the solution of a three-dimensional diffusivity equation
coupled with related definite solution conditions for fluid
flow in porous media. The choice of the mathematical
method to solve these models usually depends on the
complexity of the problems and the constraints of the
application. Generally, analytical and semi-analytical
methods are two most commonly used methods to obtain
the transient pressure response and production performance
since the spring up of the percolation mechanism theory.
Even for complex structural wells, such as horizontal,
slanted, and fractured wells, these methods are still widely
applied. On the other hand, numerical methods, such as
finite element method (FEM), finite difference method
(FDM), and boundary element method (BEM), were
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invented later and widely applied along with the develop-
ment of computers, which are more suitable to obtain the
pressure response and fluid saturation in heterogeneous
porous media with irregular shaped boundary reservoirs
(Medeiros 2007).

Many analytical and semi-analytical models have been
proposed to analyze the pressure response of wells in
oil/gas reservoirs (Gringarten and Ramey 1973; Odeh and
Babu 1989; Ozkan and Raghavan 1991; Escobar et al.
2013). Most of these models presented the solution for a
regular shaped (such as infinite, circular, or rectangular
outer boundary) reservoir or simple composite models.
Based on the review of previous studies related to the
transient pressure response for MFHW, the Green’s and
source function method as well as the integral transfor-
mation method are the most popular used techniques for
solving the model.

The Green’s and source function method can incorpo-
rate all fractures into the mathematical model simultane-
ously, which could be used to analyze the interface effects
between the fractures. In addition, this method can deal
with the situation of the fractures distributed along the well
with arbitrary space, angle, and length, which is often the
case in the field. Therefore, many individuals adopted this
method to analyze the pressure response of MFHW in
conventional or unconventional reservoirs with infinite,
circular, and box-shaped outer boundaries (Guo et al. 1994;
Horne and Temeng 1995; Chen and Raghavan 1996; Wan
and Aziz 1999, 2002; Zerzar et al. 2004; Medeiros 2007;
Xu et al. 2013; Zhao et al. 2013, 2014). In this method, it is
always necessary to derive the solution under specified
boundary condition, which usually corresponds to a
point/linear solution. The detailed discussion for a contin-
uous source function in a circular and rectangular-shaped
boundary oil and gas reservoir could be found in Ozkan
and Raghavan (1991) and Zhao et al. (2015, 2016),
respectively. As the widely application of a fractured
horizontal well in a low permeability reservoirs, the fluid
flow period in such a reservoir is mainly concentrated on
the linear flow period, so scholars have established many
linear flow models to describe this main flow period in
order to overcome the computational complexity of source
functions (Brown 2009; Al-Ahmadi et al. 2010; Bello and
Watenbargen 2010; Cai 2014; Ozkan et al. 2011; Nobakht
et al. 2012; Stalgorova and Mattar 2012, 2013; Nobakht
and Clarkson 2012; Xu et al. 2013).

Although analytical and semi-analytical methods can
solve many well models to analyze the transient pressure
response of fractured horizontal wells in various reservoirs,
it is not difficult to find that most of the papers mentioned
above are concentrated on wells located in a regular shape
boundary reservoir. For a MFHW, the drainage area not
only depends on the well location and well pattern type, but
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also has an intimate connection with the fracture length and
distribution, which would result in the drainage boundary
being irregular. For the pressure and production perfor-
mance of a well in such a reservoir, most analytical and
semi-analytical methods are helpless. Even if some of them
could treat these problems, the solving process would be
very complicated.

Due to the limitations existing in analytical and semi-
analytical methods, the use of numerical simulation meth-
ods, such as FDM, FEM, and BEM, was introduced into the
petroleum engineering. Although the FDM and the FEM
could be used to analyze the pressure of a fractured hori-
zontal well in an arbitrary shaped gas reservoir, both of
them discrete the full reservoir area into small grids (“do-
main type” method). On the contrary, the BEM resorts the
solution based on the Green’s function in free space called
the fundamental solution, which satisfies the governing
partial differential equation at a point source without sat-
isfying any of the prescribed boundary condition. Mean-
while, since the total grid number of BEM is much less than
FDM and FEM, BEM can efficiently and accurately solves
various boundary value problems. Compared to FDM and
FEM, BEM has a great advantage in handling problems
with complex boundary geometries since there is no interior
of the domain under consideration and it is practically free
of grid orientation effects (Jongkittinarukorn et al. 1998). A
schematic of the grid system for three methods are shown in
Fig. 1. The BEM is also superior to the Green’s function
method in that it features the flexibility of being applicable
to any reservoir boundary condition and to arbitrary shapes
in a reservoir (Chen 2003).

In the review of the petroleum literature, many papers
were concentrated on the vertical wells or fractured vertical
wells in 2D domain flow problems (Kikani and Horne 1989;
Sato and Horne 1993; Pecher and Stanislav 1997; Jongkit-
tinarukorn and Tiab 1998; Kryuchkov and Sanger 2004;
Yin et al. 2005; Gao et al. 2007; Wang and Zhang 2009).
With the BEM, reservoirs with arbitrary shaped boundaries
can be easily handled. As for the complex well, such as

Fig. 1 Schemes of discretization for various numerical methods

fractured horizontal well, the related reports are rare.
Therefore, in this paper, the transient pressure behaviors of
MFHW in arbitrary shape tight gas reservoir were analyzed
by the BEM. The solution was developed in the Laplace
domain, and the Stehfest’s algorithm was applied to obtain
the corresponding solution in real space domain.

Governing differential equations

In order to make the problem more tractable and formulate
the problem easily, the following assumptions were made:
A single-phase compressible fluid flowed in the homoge-
neous porous medium, which obeyed Darcy’s law; rock
compressibility could be negligible since the deformation
amount was limited comparing to gas under the same
pressure difference; and the effect of gravity and capillary
force was ignored.

According to the seepage mechanism theory, the gov-
erning diffusivity equation incorporating the point source
terms can be derived from the mass conservation principle
and Darcy’s law. For homogeneous and anisotropic porous
media, the diffusivity equation for the flow of single-phase
compressible fluid is given by:

V- (o) - peani® R) = 220) m

where g, is the flow rate per unit volume withdrawn from
the point source (m?/s); ¢ is the porosity of the medium,
fraction; p and pg. are the gas density at the reservoir and
standard conditions, respectively (kg/m?); R presents an
arbitrary point in the field; R’ represents the source point
location in the field; and ¢ is the production time, s.

In Eq. (1), V- is the divergence operator, which has the
following relationship in Cartesian coordinates:

o o0 0

0() is the Dirac delta function satisfying the following
fundamental properties:

BEM
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which is also constrained to satisfy the following identity,

/ F(R)S(R,R)doc = f(R') (4)
Q

Substituting the equations of Darcy’s law and gas state
equation into Eq. (1), the following expressions can be
obtained,

A (Kﬂ vp> TP SRR = 69 (B ¢) (5)

wZ Te t\Z

where p is the gas viscosity, Pa s; p is the reservoir pressure,
Pa; P, is the standard pressure, which equals
0.101325 x 10° Pa; and Zis the gas deviation factor, sm>/m°.

In Eq. (5), K is the permeability tensor. For three-di-
mensional gas flow in porous media, the permeability
tensor can be expressed as a diagonal tensor, where the
diagonal elements present the principle permeability of the
anisotropic porous medium.

ke 0 O
K=|0 k 0 (6)
0 0 k

In reservoir engineering, the following assumption that the
reservoir is at uniform pressure p; before production is
always established. Therefore, the initial condition can be
expressed as:

p(Rﬂ t) =Di;

The unique solution of Eq. (5) combined with Eq. (7) must
be ensured by supplying well-posed boundary conditions.
For the outer boundary condition, the following three types
can be classified.

(ReQ, t=0) (7)

1. The Dirichlet boundary condition (constant pressure
boundary)

P|Rer,t >0— Di (8)

2. The Neumann boundary condition (no-flow outer
boundary)

P

on =0 ©)

Rel't>0

3. The mixed boundary condition

p|ReF1 t>0— Di and

d
» —0 (=T +1»)
on Relt>0

(10)
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where I is the domain boundary; I'y and I, are the subdo-
main boundary; n is the outward normal (vector) to the
boundary I'; and p; is the initial pressure of the reservoir (Pa).

Unlike the slightly compressible fluids flowing in the
multi-porous media, the gas viscosity, u, the deviation
factor, Z, and the gas compressibility, c,, are strongly
dependent on pressure. Therefore, it is not possible to
derive closed form expressions directly like that of liquids
because the partial differential equation governing the flow
of gas is strongly nonlinear. In order to overcome this
problem, Al-Hussainy et al. (1966) proposed the concept of
real gas pseudo-pressure, which incorporated the gas
deviation factor and viscosity to linearize the diffusivity
equation for gas flow in porous media. The function of
pseudo-pressure is defined as:

P 2
/
n(o) = [ Loy (1)
Dref

where p,.¢ is the reference pressure (Pa).

For an anisotropic porous media, Eq. (5) can be trans-
formed into an equivalent isotropic system by using the
following coordinate transformation,

Zé\/k? for f:x,y, < (12)
¢

In Eq. (12), the permeability, k, corresponds to the equiv-
alent isotropic system permeability and is defined as:

k = /kkok, (13)

where ky, k, and k, are the permeability in the x, y, and
z directions, respectively, m”.

Taking the transformation of Egs. (12)-(5) and then
combining Eq. (11) with it, we have
_ 2Tpsc _ Pucg a_m

VO(R,R') = 14
kTscqé(’ ) =", (14)

Vm

Similarly, the corresponding initial and boundary condi-
tions can be expressed in the form of pseudo-pressure.

In order to solve the governing equation more conve-
niently, the dimensionless process for the model is often
imposed by introducing the corresponding dimensionless
variables. Hence, the following dimensionless variables are
defined according to the problems we analyzed:

R
Rp = /x4 +yh+2p=+—,
L'ref

kt tkhTs.

=, mD =
d):ugicgi[‘%ef qSCtpSCT

(m; —m)

Ip

where L. is the reference length, m; gy, is the total
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production rate of the well, m?/s; and m; is the pseudo-
pressure under the initial condition, Pa/s.
2 0
Vimp + = Lig O(R K ) = =2 (15)
qsct aZ‘D
If all the fractures are fully penetrated, which manifests
that the fracture height is equal to the formation thickness,
the fluid flow in gas reservoir can be simplified into two-
dimensional problem. Thus, Eq. (15) can be rewritten into
the following form:
*mp  2m omp

- b g, ) = =—
aXZD ayjzj +C]sct a (rD rD) Otp

62 nmp

(16)

Taking the Laplace transform with respect to #p, Eq. (16)
can be changed into the following form:

Pmp  Omp

2 qL
op O

= 5(rp, rly) = srip 17
S Gsct ( D) (17)
where s is the Laplace variable; and rp and r{) are the
arbitrary and source point location in 2D domain field.

Boundary element method (BEM)

To derive the solution of Eq. (17), the fundamental solu-
tion, G, must be imposed, which satisfies the following
equation:

V?G — sG 4 215(P,Q) =0 (18)

The fundamental solution can be expressed as Eq. (19) by
solving Eq. (18), which is:

G(P,0Q.s) = Ko[ro(P, Q) /5] (19)

where rp (P,Q) is the distance between points P and Q.
Due to the diffusivity equation being satisfied at any point
of the study region,

2
Vi (P, s) + — I

§ (et

6(P7 Q) = st(Pv S) (20)

Multiply Eq. (18) by rip(P, s), and we have
V2G(P,Q, s)imp(P,s) — sG(P, Q, s)iip (P, s)

_ (21)
+ 2mmp (P, 5)0(P,Q) =0
Multiply Eq. (21) by G(P, Q, s), and we have
G(Pa Q7 S)vzﬁlD(Pv S) - Sn_/lD(Pa S‘)G(P, Qa S)
+ 26,05 L 5(p,0)
s qsct
=0 (22)

Subtracting Eq. (21) from Eq. (22) and then integrating the
solution with respect to P over space domain yields;

/ [mp (P, s)V2G(P,Q,s) — G(P, Q,s)V?inp (P, s)
Q

+ 2min(P.5)3(P.0) = 6(P.0.5) 2 5(p.0) 42 = 0

qsct

(23)

According to the following Green’s second identity,

/ (uV?v —vW2u)dQ = / (uVv —vVu) - ndl’ (24)
Q T

The first time, the left side of Eq. (23) can be reduced into:

/ [mn (P, s)V*G(P, Q,s) — G(P, Q,s)V?iip(P, s)|dQ

Q
_ / [ﬁzD(P,s)—aG(I;’nQ’S)—G(P, Q,s)—a’F’Da(f’S) dr
r

(25)

where 7 is the normal vector of the outer boundary; and
I'(I'=7>",Ti) comprises the boundary surfaces of the
domain Q.

Combining Eq. (25) with Eq. (23) and according to the
properties of delta function, the boundary integral equation
of the diffusivity equation can be transformed as:

on

_ 1 arﬁD (P, S) _
in(0,5) = — [ |G(P,0.5) —p(P,s)
2n F/ [ on

1 [ 26.0.90(r.0000
o sct

(26)

When point Q is located in an arbitrary point of the space
domain, including the boundary, the general expression of
Eq. (26) can be written as:

— ifip (P, 5) L(’;’n 93 gr

ﬁmD(st) = %/ I:G(Pa st) aIﬂDa(nP,S)
r

+£ / ;—LG(P, 0.5)8(P,0)dQ
'Q sct

(27)
where f§ is a parameter related to the geometrical factor of
the point Q, which is

1/2 for points on smooth parts of the boundary I’
f=40/2n

1 for points inside the domain Q

for points on non - smooth parts of the boundary I"

(28)

Right now, the boundary integral equation of a well located
in an arbitrary shaped tight gas reservoir is derived. Next,
in order to evaluate the contour integral involved in the
boundary integral equation, the boundary should be

@ Springer
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discretized into some elements (the element numbering and
its orientation are shown in Fig. 2). In this paper, the linear
elements on both the inner and outer boundaries are uti-
lized, and the detailed description of the solving process is
found in previous studies (Wang and Zhang 2009).

Pressure response analysis and results

In the above sections, the theory of the BEM application
in tight gas reservoir is described. Now, we will use this
method to analyze the pressure response of a fractured
horizontal well in arbitrary shaped tight gas reservoir. As
shown in Fig. 3, there is a MFHW drilled in an arbitrary
shaped gas reservoir. The following assumptions are
made to make the problem easy to be dealt with:
M fractures distributed along the horizontal well with
random distribution; all of the fractures are infinite
conductivity, symmetrical, and transverse along the well;
the width of the fractures is neglected; the half length of
the fractures are x5z (i = 1, 2, ..., M); the reservoir is
homogeneous with the initial pressure p;; the fractures
fully penetrate the formation with the height of h; fluid
can only enter the wellbore through the fractures at the
perforation position and we neglect the contribution of
the fluid flow from the formation into horizontal well;
and the outer boundary of the reservoir is closed.

Model validation

As we have mentioned in Introduction part of this paper,
there are mainly two types of methods to analyze the
transient pressure response of a fractured horizontal well.

Fig. 2 Boundary discretized
into several elements
(counterclockwise node
numbering for outer boundary
and clockwise node numbering
for inner boundary)

@ Springer

Right now, the semi-analytical method based on source
functions is wildly applied in hydraulics and petroleum
field, but it can only be used to handle the problems of
regular outer boundary. The other method is the
numerical method. From the point of our review, the
reports related to this method are rare and there are few
papers based on the numerical software or BEM. In this
section, we will validate our models by comparing them
to the results derived from the semi-analytical method.

Case 1: Infinite outer boundary

This case is a multiple fractured horizontal well (MFHW)
drilled in an infinite outer boundary gas reservoir. The
schematic of the physical model is shown in Fig. 4.

Since the Green’s and source function was introduced into
the application of petroleum engineering for a relatively long
time, this method has become the main technology to ana-
lyze the pressure response of complex structure wells. As
mentioned in instruction section, if one wants to utilize this
method to analyze the well performance, the corresponding
source function must be derived, and different boundaries
correspond to different functions. In this case, due to the well
located in an infinite outer boundary reservoir, we can easily
find the continuous line source function in the following
references: Ozkan and Raghavan (1991) and Zhao et al.
(2015). After that, the transient pressure solution can be
obtained by discretizing the hydraulic fractures into small
elements and coupling them together.

From the previous research, a continuous line source for
a well located in an infinite outer boundary gas reservoir
can be expressed as shown in Eq. (29) (Ozkan and
Raghavan 1991):
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Outer boundary (closed)

Horizontal well

1

Hydraulic fractures

}MS
M=6 $M=7
M=3 _
M=2 i
M4

Fig. 3 Conceptual model of a multiple fractured well in an arbitrary boundary reservoir

—
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h |

Fig. 4 Schematic of a MFHW in an infinite outer boundary reservoir

— _ {scLD
mgp = ——

7] [ 2.2

D ZwD n-m

K +2 E - T K .

’ (rD\/E) n=1 o8 (nn h, )> cos (n D ) 0 <rD o h2 >:|

(29)

X

where rp is the dimensionless radial in the 2D space,
rp = \/X} + y5; hp is the dimensionless formation thick-
ness, hp = h/Leet; Zwp is the dimensionless midpoint of the
line source; and g p is the dimensionless linear source
rate.

In Eq. (29), the definition of dimensionless pseudo-
pressure is

_ tkhT.
pSC quc

mip Amy (30)

According to the source function of Eq. (29), the dimen-
sionless pressure and pressure derivative curves versus

dimensionless time on log-log curves can be obtained,
which is shown by the circular markers listed in Fig. 5.
Taking the same parameters (Cp = 1075, Siin = 0.1,
L =800 m, Ly = 50 m, M = 3) into the model proposed
in this paper, the type curves are also plotted as shown by
the dark lines in Fig. 5. By comparing the semi-analytical
method to the BEM, it is evident that the agreement
between them is excellent.

Case 2: Rectangular outer boundary

This case is a MFHW located in a rectangular closed outer
boundary reservoir, and the schematic model is shown in Fig. 6.
In such a reservoir, the continuous linear source function is also
used to analyze the transient pressure response. According to
previous research results, the source function corresponds to the
continuous linear source solution in the Laplace domain for a
rectangular parallelepiped, as is presented in Eq. (31) (Ozkan
and Raghavan 1991; Zhao 2015).

__GsiD T {COS h(+/sypi) + cos h(y/syp2)

LD S XeD Vssinh(y/syep)
+ 2§COS (knx—D> cos (knxw—D> cos h(y/zypi ) + cos h(y/ayp2)
[ *eD *eD Versinh(y/eyen)
(31)

In Eq. (31),
Yp1 = Yed — YD — Yup| (32)
Yp2 = Yeb — [¥D + Ywp| (33)
and

nznz
& =1Uu + h—2 (34)

D

When we neglect the wellbore storage and skin effects and
take the following values of Cp = 0, Sy, = 0, L = 800 m,

@ Springer
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Fig. 5 Comparison of the 10 3
classical semi-analytical ]
solution to our model with the Parameters for Case 1:
BEM
Cp=107, 8;,=0.1, L=800m, x;=50m, M=3
l\.)c 1 4
=
¥
a
z
N
2
g 0.1
O  Semi-analytical method
——BEM
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Fig. 6 Schematic of a MFHW in a rectangular closed outer boundary
reservoir

Ly =50 m, M = 4, x. = 4000 m, and y. = 800 m into the
BEM as well as the semi-analytical models, then the cor-
responding dimensionless pressure and pressure derivative
curves will be drawn, as shown in Fig. 7. Comparing the
circular markers from the semi-analytical method with the
dark linear curves from the BEM, it can be clearly seen that
the accuracy of our method is also excellent. Therefore, we
can use the BEM to analyze the pressure response in a
more complex boundary structure.

Case 3: Fractured well in arbitrary shaped reservoir—
validated by commercial software

In the above two cases, the BEM are used to analyzed the
transient pressure response of fractured horizontal well in
infinite and rectangular outer boundary conditions. And
also, the results’ correctness is validated by comparing it
with conventional semi-analytical solutions. In this case,
we use our method to study the pressure response for a
MFHW in an arbitrary shaped outer boundary tight gas
reservoir. For this model, the conventional analytical and
semi-analytical methods are helpless. Just like the
description in Introduction part, the numerical methods,

@ Springer

such as FDM and FEM, are very powerful tools to analyze
the transient fluid flow of complex structure wells in
complex boundary drainage area. In order to prove the
correctness of our results, the commercial software is used.

Figure 8 shows the schematic of a fractured horizontal
well in an arbitrary shaped outer boundary tight gas
reservoir. The horizontal well length is 1000 m, and there
are six equal-spaced hydraulic transverse fractures dis-
tributed along the wells. The formation permeability is
0.001 mD, and the formation thickness is 10 m. The half
length of the fractures is 100 m and the gas flow from the
formation to horizontal wellbore obeys Darcy’s law. Due to
the formation permeability for tight gas reservoir is very
low (<0.1 mD) and the permeability of hydraulic fractures
are always range from 1D to 1000D, the hydraulic fractures
can be treated as infinite conductivity. For the BEM, the
outer boundary is discretized into 26 elements, and the
node number is shown in Fig. 8. Also, each hydraulic
fracture is discretized into four elements. After we obtained
the coordinate of each outer boundary and fracture ele-
ments, the corresponding well bottomhole pressure can be
calculated by substituting them and formation parameters
into the BEM model. Thereafter, the dimensionless pres-
sure and its derivative with time on log-log curves are
shown in Fig. 11 with the solid line.

Well testing software is useful and effective tool to
analyze the transient pressure response of different kind of
wells, which has been widely used in oil companies and
high schools around the world. It is based on the analysis of
the derivative of the pressure transient data and provides
ease of use and good graphical representations of results.
The numerical simulation analysis in well testing software
is a very powerful part, which utilizes the unstructured grid
(hexagonal grid) to discrete the study area. Through
inputting the essential parameters as well as the well model
into the software, the grid can be automatically created by
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Fig. 7 Comparison of the semi- 100 3
analytical solutions to our 3
model with the BEM for a

rectangular reservoir
10 4
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it, which is shown in Fig. 9. Once the simulation is started,
pressure value on each grid will be recorded and the cor-
responding pressure field will be also showed dynamically.
Figure 10 shows the pressure field distribution for time at
Oh, 59 x 10°, 44 x 10° and 6.2 x 10°h, and the
dimensionless bottomhole pseudo-pressure as well as its
derivative curves are shown in Fig. 11 with circle marks. It
can be clearly seen from Fig. 11 that the agreement of the
results derived by BEM and a commercial software is
perfect, which can prove the correctness of our method.

Discussion of results and analysis

Here, we investigate a case of a MFHW drilled in an
elliptical closed boundary reservoir. As mentioned in
Introduction section, the conventional semi-analytical
method is unavailable for this problem. So, in this section,
we will use the BEM to analyze the pressure response of
the MFHW. The schematic of a MFHW in an elliptical gas
reservoir is shown in Fig. 12.

_4'00 0 4(')0 8(')0
Length (m)

1200

Figure 13 shows the effects of the reservoir size on the
type curves. Firstly, the following variables of Cp = 107>,
Skin = 0.1, L = 800 m, Ly = 50 m, and M = 3, as well as
the major and minor axis distances of the outer boundary,
are taken into the BEM model. Then, the corresponding
coefficient matrix including the production rate, dimen-
sionless pressure, and the well bottomhole pressure on all
the boundaries are assembled. Finally, all the variables are
obtained simultaneously by Gaussian elimination. The
pressure derivative response in Fig. 13 indicates that there
are no significant differences between the three cases
(a = 1500 m, b = 200 m/500 m/1000 m) in the early flow
period. But, with the increase in b, the upward time during
the later flow period is advanced. This is mainly because a
small b means that the space between the well and the
boundary is small, which causes the pressure wave to reach
the boundary early.

Figure 14 indicates the effects of fracture number on
the MFHW pressure response. In this situation, the
assumption of an identical half fracture length and equal

@ Springer
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Fig. 10 Pressure field
distribution for different
production time
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spacing are made, and we adjust the fracture number
along the horizontal well. As a larger number of frac-
tures represent a larger volume of drainage area during
the early flow period, it will need a small pressure drop
during this period when the well produces at a constant
rate. A smaller M means a larger drainage volume for a
single fracture, so an early fracture radial flow period
can be clearly seen on the pressure derivative curves
when M equals 3. However, when the pressure wave
propagates into the outer region of the fractures, all the
curves will coincide, and then the boundary dominated
flow period will occur.

@ Springer
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Figures 15 and 16 present the effects of reservoir shape
on the pressure response with the same control volume.
When the product of the major axis and minor axis is
7.5 x 10°, the control volume of the model is a constant.
The value of the minor axis will be changed along with the
variation of the major axis. For this case, because the
reservoir size is much larger than the size of the well, the
effect of the reservoir shape on the pressure response is
very weak. From the pressure derivative curves in Fig. 15,
it can be clearly seen that the boundary shape has little
influence on the boundary reflective flow after the elliptical
flow period. This case also manifests that, for a large
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Fig. 11 Comparison of 100 3
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control volume, the effect of boundary shape on the pres-
sure response curves can be negligible. But for a small
control volume, the pressure wave will reach the closer
boundary sooner right after the early linear flow period
finishes. Also, the smaller « is, the closer the well is to the
boundary. Therefore, the earlier the boundary reflection
time will arrive, which can be observed in Fig. 16.

1E+2 1E+3 1E+4 1E+5 1E+6

15/Cy

1E+0 1E+1

Conclusion

In this paper, BEM was adopted to analyze the transient
pressure response of a MHFW in an arbitrary shaped
boundary tight gas reservoir, which was not reported
before. Through the research, the following conclusions
could be reached:
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Fig. 14 Effects of fracture 100 3
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1. The BEM was extended to analyze the transient
pressure response of a MFHW in tight gas reservoir
with an arbitrary shape, which cannot be solved by
conventional integral transformation or Green’s and
source function method.

@ Springer

2. Various methods and models (semi-analytical method
and Saphir commercial software) are utilized to
validate the correctness of our method, and the
comparing results show that the BEM can be
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successfully solved the problems of MFHW with
arbitrary shaped outer boundary.

3. For a well located in an elliptical reservoir, the smaller
the minor axis is, the earlier the boundary reflection
period will occur and the shorter the duration of the
elliptical flow period will be.

4. As the fracture number increases, the pressure deriva-
tive curves will be lower due to the larger drainage
volume of the well during the early flow period. For a
larger drainage volume, the effects of reservoir shape
on the pressure curves are negligible, but for a smaller
drainage volume, the situation is adverse.

5. According to our study, the effect of boundary shape
on the pressure type curves only displays on the middle
or later flow periods, which maybe need a long time to
reach in real situation. So, the regular outer boundary
models can be used to analyze the well testing data for
tight or low permeability reservoirs.
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