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Numerical study on transient flow in the deep naturally
fractured reservoir with high pressure
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According to the experimental results and the characteristics of the pressure-sensitive fractured for-
mation, a transient flow model is developed for the deep naturally-fractured reservoirs with different
outer boundary conditions. The finite element equations for the model are derived. After generating the
unstructured grids in the solution regions, the finite element method is used to calculate the pressure
type curves for the pressure-sensitive fractured reservoir with different outer boundaries, such as the
infinite boundary, circle boundary and combined linear boundaries, and the characteristics of the type
curves are comparatively analyzed. The effects on the pressure curves caused by pressure sensitivity
module and the effective radius combined parameter are determined, and the method for calculating
the pressure-sensitive reservoir parameters is introduced. By analyzing the real field case in the high
temperature and pressure reservoir, the perfect results show that the transient flow model for the

pressure-sensitive fractured reservoir in this paper is correct.
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With the improvement of the oilfield development tech-
nology and the growing demand for oil and gas re-
sources, deeper and deeper high-pressure reservoirs are
developed. Because of the high pressure and tempera-
ture in the deep oil and gas reservoirs, the formation will
be changed with partial or whole irreversible deforma-
tion during the development of the reservoir. With for-
mation deformation, as well as the variable properties of
liquids and gases, the reservoir dynamic characteristics
will obviously be affected. Without correct understand-
ing the transient flow mechanics in such reservoir, the
well productivity will not be given reasonable. In such
reservoir, the well productivity will decrease sharply and
can not be rebuilt by any method. The reservoir recovery
will decrease sharply in result. According to refs. [1 —4],
the largest permeability loss is 90%, while the largest
well producing rate loss is 50%.

In the current oil and gas reservoir developing process,
the porous media deformation can be divided into three
types: elastic deformation, plastic deformation and elas-
tic-plastic deformation. Based on the analysis of the in-

door experimental data, the high-pressure deep fractured
reservoir mostly belongs to the second type, the plastic
deformation reservoir. This type reservoir shows abnor-
mal characteristics: The initially large opening crack due
to the high fluid pressure in the crack reduces largely as
the fluid pressure sharply drops. The reduced opening
crack is difficult to be reopened even with a high level
fluid pressure, resulting in that the reservoir porosity and
permeability will continue to be decreased.

The pressure-sensitive fractured reservoir indicates
that the reservoir properties change with the surrounding
pressure in the porous media, and most of these kinds of
changes are irreversible. The reservoir properties men-
tioned here are the properties of the skeleton, the poros-
ity and the fluid. These properties can be described by
the parameters of porous media and fluid, such as
permeability, porosity, fluid compressibility, density,
viscosity, and so on. According to the experimental data,

Received June 8, 2007; accepted December 14, 2008
doi: 10.1007/s11433-009-0121-2

fCorresponding author (email: lywu@imech.ac.cn)

Sci China Ser G-Phys Mech Astron | Jul. 2009 | vol. 52 | no. 7 | 1074-1085


javascript:showjdsw('showjd_0','j_0')
javascript:showjdsw('showjd_0','j_0')
mailto:lywu@imech.ac.cn

Terzaghi® suggested that the variation of porosity can
be ignored in the engineering calculation, but permeabil-
ity changes must be considered.

Since 1925 Terzaghi®! put forward the concept of ef-
fective stress in the study of soil consolidation theory,
the seepage theory on deformable porous media has ex-
perienced a long development history. The development
of effective stress principle has founded a basic theory
for solving deformation problems in porous media. In
1955, Biot® extended Terzaghi’s theory to the elastic
consolidation theory in anisotropic porous media. Biot
assumed that the fluid in a reservoir was compressible
and viscous fluid. He distinguished solid framework
stress from porous fluid pressure and differentiated solid
frame deformation from fluid motion. In addition, he
described the fluid flow relative to the solid framework
in porous media by Darcy’s law. He also proposed the
stress-strain relationship for the problem with anisot-
ropic visco-elasticity and the problem with relaxation
phenomenon, which can be used to predict the
stress-strain change history during the fluid flow in ani-
sotropic porous media. In 1957, Geertsma'”, based on
the previous research, created the poroelasticity theory
and the corresponding relationships, and explicitly gave
the definition of the rock volume compressibility and the
pore compressibility as well as their relationship, which
can be used quantitatively to determine the pore volume
variation caused by the pore pressure change. In 1975,
by considering the influence of the rock compaction ef-
fect on seepage flow and reservoir exploitation, Finol
and Farouq Ali®! developed a three-dimensional and
two-phase seepage flow model, and solved it by using
finite difference method. This seepage model was com-
posed by oil and water seepage equation and an analyti-
cal equation group with the linear elastic deformation of
the porous media. The model considered the effect that
the variations of porosity and permeability caused by the
rock compaction, which exerted on the final reservoir
recovery. So this model was one typical model of the
linear elastic deformation theory.

On the basis of the linear elastic seepage theory, the
oil workers in the Soviet Union®, developed some elas-
toplastic seepage models and plastic seepage models.
They only modified the model by expressing the poros-
ity and permeability variations in the form of index or
power function of the fluid pressure drawdown. In 1972,
Raghavan et al.l” developed a pressure-sensitive ho-

mogeneous reservoir transient flow model, and gave a
new formula of pseudo pressure. In this model, the
change of permeability caused by the pressure variation
was involved in the item of pseudo-pressure. So the
model was changed from the nonlinear equations to the
quasilinear equations, and the numerical solution for the
pressure-sensitive problem was given. In 1977, Sama-
niego, Brigham and Miller™! developed a transient flow
model which considered the change of rock and fluid
compressibility due to pressure variation. In 1983, Os-
tensen2! mentioned the pressure sensitivity could cause
the initial productivity to reduce up to 30% for typical
tight sand gas reservoirs, and put forward that using the
seepage model without the considering of pressure sen-
sitivity to analyze the pressure transient behavior would
cause an enormous deviation. In 1990, Pedrosa™®! de-
veloped a deformable media transient flow model of the
circle homogeneous reservoir. They used the perturba-
tion method to give the zero order, first order and second
order perturbation solution, and gave a brief analysis of
the flow characteristics in the deformable media. In the
same year, Zhang et al."* applied the numerical method
to give the pressure transient behavior characteristics of
the infinite radial flow homogeneous system in pres-
sure-sensitive reservoirs. In 1993, Yeung™ developed a
spherical transient flow model for the deformable ho-
mogeneous reservoir, and gave the approximate solution
to the model. This transient flow model was applicable
to some partial penetrating wells, but not accurate.

In 2000, Wu and Pruess"® gave the integral solution
of the transient flow model by considering the influence
of pressure sensitivity on permeability, and compared
their results with the numerical results. They pointed out
that the injection pressure changed while the permeabil-
ity changed with pressure. In 2001, Davies et al.'
studied the permeability variation in pressure-sensitive
reservoirs, and developed a mathematical model of the
permeability variation. In 2002, Osorio and Alcalde™®
and others studied how to determine the influence of
rock deformation on the formation characteristics by
using well test method, and developed a 3D stress-strain
model. Based on the stress-strain relation and fluid flow
equations, they got the radial variation mechanics of the
principal stress, the permeability and the bottom pres-
sure by using the finite difference method. In 2003,
Samaniego and Villalobos™® gave a transient flow
model for the pressure-sensitive naturally fractured res-
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ervoir. The key issue they studied was the compressibil-
ity of fluid, cracks and pores. They used the pseudo-
pressure method introduced by Raghanvan, which in-
volved the permeability variation in the pseudo pressure
item. They mainly solved the problem for the
semi-logarithm analysis and verified their method by
field examples.

In 2003, Gang and Dusseault?” gave the variation
mechanics and a mathematical model of porosity and
permeability in the near wellbore regions for the pres-
sure-sensitive reservoir. In theory, they studied the stress
and pressure variation around a single production well
and the near wellbore formation damage caused by the
formation rock compaction. Their results showed that
the production rate reduced with time, since the near
wellbore formation rock compaction caused by stress.
This research had a positive significance on transient
flow mechanics in the pressure-sensitive reservoir. In
2007, Shunde et al.2! gave the relationship between the
pore elastic behavior and the formation pressure under
super-pressure conditions. They found the formation
pressure changed in different ways in various stress-
sensitive formation.

Zhou et all2Z Ge@, Tong et al.@, Su et al.@,
Dong®, and Wang et al.*” gave some theoretical
analysis on various aspects of deformable reservoirs.

In recent years, with the deep exploitation of su-
per-pressure gas reservoir in western China, the research
of deformable reservoir becomes a new hot point in the
oil and gas industry again. The previous research was
mainly focused on the elastic and elastoplastic deform-
able reservoirs, and was mainly based on the theory that
the permeability changes with the pressure. The research
on plastic deformable reservoir was rare. Based on the
previous research, this paper presents the exponential
relation to describe the change of rock porosity and
permeability with pressure, and establishes a transient
flow model involving the porosity and permeability
changes. In this paper, the finite element method is used
to study the transient flow mechanics under various
conditions such as various porosity, various permeability
and both various porosity and permeability. The effect of
changing porosity and permeability on the wellbore
pressure is also analyzed. The transient flow model is
verified by some field cases with approving reservoir
permeability modules.

1 Mathematical model

1.1 Description of the physical model

1) The reservoir is assumed to be homogeneous and
thickness-fixed, and the production is scheduled for a
fixed flow rate q.

2) The fluid is single-phase and slight-compressible
Newtonian fluid.

3) The fluid flow is a kind of radial flow and obeys
Darcy’s law, and the effects of gravity and capillary
force are neglected.

4) The dual-porosity formation contains two kinds of
pore. The fractures are considered as the flow channels,
the fluid in the matrix is the main flow source, and the
fluid flow between the matrix and fracture is steady
cross flow.

5) The various permeability and porosity with the ef-
fective stress are expressed in exponential forms, both
permeability modulus ok and porosity modulus ¢y are
assumed to be constant separately.

6) The effects of wellbore storage and skin factor in
the inner boundary conditions are considered by using
the effective wellbore radius model.

7) The outer boundaries may be infinite, circle and
linear combination form in shape, and pressure-fixed
and closed in boundary properties.

8) The whole transient flow process is isothermal.

1.2 Development of the mathematical model

1.2.1 Mass continuity equation. According to the
transient flow model for the dual porosity reservoir with
quasi-stable cross flow presented by Warren and Root22)
the mass continuity equation in the fracture of the pres-

sure-sensitive fractured reservoir is

>

0
) 49 (V) -, =0 (1)
The continuity equation in the matrix is
)
——=4q, =0. 2
ot m 2

The equation of the cross flow from the matrix to the
fracture is

qm:al&(pm_pf)’ (3)
u

where 0., is the cross flow rate and ¢ is the cross
flow coefficient.

1.2.2  Equation of the changing density fluid. Under
isothermal condition, the fluid compressibility is defined
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as
1dv 1dp

Vb pdp

By integrating the definition formula of the fluid

C =

compressibility, the state equation is

p=poe PP, )
When the pressure variation is small, the state equa-
tion can be simplified as
P = poll+ce(p; = p)l.
1.2.3 Equations of the changing porosity. In 1953,
Hall defined the rock effective compressibility by ex-
periment data, that is, the relative pore volume change
with the unit pressure:
1 dv,
Cp = V_d_p
p
An equivalent expression of the above formula is
c, .14
¢ dp
By integrating the definition formula of the pore
compressibility, the state equation is

-C4(pi—p)
p=dpe . (5)
When the pressure variation is small, the state equation
can be simplified as

=g [1+C,(p; — P

For fractured media and porous media, the porosity
change can respectively be presented as

—Cyr (P;—P)
Pr =Proe >

—Cypm (i —P)
¢m = ¢m0e ” .

1.2.4 Equation of the changing permeability. Experi-

(6)

mental results show that under high temperature and
high pressure conditions, the relation between the rock
permeability and pressure can be expressed by
1 dk
ak =,
k, dp

where ¢, is named rock deformation coefficient or

(7

permeability modulus.
By integrating the formula of deformation coefficient,
the state equation is

k = koe*ak(Pa*P)‘ (8)
For the fractured media, the change of permeability is
kf — kfoe_akf(pi -p) )

Because the permeability of the matrix is far less than

that of fracture, matrix permeability is neglected in our
model just like the steady model developed by Warren &
Root.

1.2.5 Equation of the fluid flow rate. The fluid flow
rate in fracture can be expressed by Darcy law:

vz—ﬁvm. (10)
7

1.3 The dimensional mathematical model

By substituting the fluid flow rate equation and state

equation into the mass continuity equations eqs. (1)—(3),

the fluid flow control equation can be expressed as fol-

lows.

The transient flow equation is
P e(C¢,f+Cf)(p—pi))

ProPo _kory i{e(awcf)(pp‘) aﬁ}

ot Mo OX OX;

~EP0 (p - pp) =0 (11)
y7,

The cross flow equation is

ofdemerhe-n)

o + “;’JO (P — Pr)=0. (12)

ot

The initial condition is
Pr =Py =P, at t=0. (13)

The inner boundary conditions are

dp, 2zh apfj
B: C—W ——k —_— N t = 5 14
q [ p (pf)(f &) At r=n, (4

dt
pw:[pf—SrddLrW}, at r=r,. (15)
The outer boundary conditions are

Pr = Pm = B;»
while r — oo (for infinite reservoir), (16)

Pt =P = Pis
at r =r, (for pressure-fixed circle boundary), (17)

o

or or

at r=r, (for closed circle boundary), (18)
Py =P, =P, while X,yerl;

(for pressure-fixed linear boundary), (19)
aﬁ:ap—mzo, while X,yerl
on  on
(for closed linear boundary), (20)

where B is the fluid volume factor, m’/m’. C is the
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wellbore storage coefficient, m*/MPa. C, is the total
compressibility, m*/MPa. h is the net pay of the forma-
tion, m. k is the reservoir permeability, um>. p is the res-
ervoir pressure, MPa. py is the pressure in the fracture,
MPa. p; is the initial pressure of the reservoir, MPa. py, is
the pressure in the matrix, MPa. p,, is the wellbore pres-
sure, MPa. q is the production rate of the well, m’/d. r is
the distance, m. S is the skin factor, 1. ¢, is the porosity
of the matrix, 1. g is the viscosity of the fluid, mPa-s.
o is the reference density of the fluid, kg/m’. I3 as well
as /j is the liner boundary.

1.4 The dimensionless mathematical model

1.4.1 The dimensionless process of the mathematical
model. In order to obtain a more universal transient
flow model, we change the mathematical model into
dimensionless form. The dimensionless mathematical
model is expressed as follows.

The dimensionless fluid flow control equation is

wefctm Prp apr _ 0 e %o Prp apr
oty OXip Xip
= A(Pup — Prp) =0. ey
The cross flow equation is
_ op,,
(1 _ w)e Cimp Pmb p D + l( me _ pr) =0. (22)
oty

The initial condition is
Pp =P,p =0, at t;=0. (23)
The inner boundary conditions are

L=y Pup L gawre P oy (04
oty b

pWD :|:pr _SrD dEWDi|’ at I’-D =1. (25)
I;

D
The outer boundary conditions are
P = Pyp =0, while 1, -

(for infinite reservoir), (26)
Pp = Pup =0, at Iy =Tp
(for pressure-fixed circle boundary), 27)
aaprf = 5(;’;;1) =0, at Iy =",
(for closed circle boundary), (28)
P = Prp =0, while X,y €75
(for pressure-fixed linear boundary), (29)
P _ Pun.

=0, while Xn,Y, €/
on on D> YD i

(for closed linear boundary), (30)

where the dimensionless parameters are defined as
Dimensionless pressure in the fracture:

_ hkeq
1.842x107°qBy
Dimensionless pressure in the matrix:
3 hkeo
T 1.842x107qBu

Dimensionless distance:

(pi - pf)'

P

(P = Pa)-

me

r X Yy
bh=—" Xp=—> Yp=_—-
3.6ke,

Dimensionless time: ty = >t
(¢ Cyp + 0 Cir it

Dimensionless wellbore storage coefficient:
B Cc
27h(#Cys + $uCin )
Dimensionless reserve storage ratio:
_ $Cy ‘
$:Cy¢ + 0Cmn

Co

. . . a
Dimensionless cross flow coefficient: A= —%r_.
£0

Dimensionless deformation coefficient:
1.842x107 o, QB
p= koh ‘
1.4.2 Quasi-linearization of the mathematical model.
As a matter of convenience to solve the mathematical

model, the method of quasi-linearization is used to han-
dle the nonlinear equations. The results obtained are ex-
pressed as follows:

o U, 3|, &y,
Cpoe™ Ty Xp| | X
—zD(&Um—uf]=o. (3D
Ctm

1_2"8 Gy Uy &Um_uf 0. (32
Cpe™ Cy, Oty C

The initial condition:

tm

U (Rp,0)=U,, (Rp,0)=1. (33)
The inner boundary conditions is
Y e (34)
ORp '™ U, oT,

The outer boundary conditions are
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Ug (Ry >0, Ty ) =U,, (Ry &, Ty) =1

(for infinite reservoir), (35)
U (ReDaTD) =U, (ReDaTD) =1
(for pressure-fixed circle boundary), (36)
oU, (ReD,TD) _ ou (ReD,TD) .
R, oRp
(for closed circle boundary), 37)
Up =U,p =1, while Xp,Yp €]
(for pressure-fixed linear boundary), (38)
%J—nmz‘g—;@:o, while Xp,Yp € 7
(for closed linear boundary), 39)
where Ty =t,/Cp, Up=e P U =¢ ConPu,
Ry =—— Ap=4e ™.

r.c

w

2 Solution of the mathematical model

2.1 Finite element method

To solve the above mathematical model, Galerkin finite
element method with weighted residual and selected
interpolation function ¢ as weight function is used. The
dimensionless model is changed into the finite element
equations:

%D q e

qu.e @ auj_ 0 |yeew o
A I CDe2s T, OXp ! OXipy

_lDig_thz_Ufj}dA:O(i=1,2,3), (40)

tm
_ ou*
[Jor| A2 2 S +/1(&U° —UfJ dA=0
A Cpe™ Gy, Oty Com "
(i=1,2,3), 41)
where ¢ is element linear interpolation function and

o’ =a +bx+cy, i=1,2,3.

€

agple — bl a%e — b2 a(/’z. — b3'

OX OX OX
0P, c,, 0P, =c,, 03 =c,;
oy oy oy

1 1
q :ﬁ(xz)@ -%Y), & :ﬁ()%yl =% Y3),

1 .
a :ﬁ(xﬂz =% Y1)

1 1
by =ﬁ(y2 ~¥3), b, =ﬁ(y3 =Y

1
b, :ﬁ()ﬁ -Y);

1 1
C=—(X—X%), C=—(X—X),
1 2A(3 2) 2 2A(1 3)
1
C;=—(X, — X
s =5 00— %)
A is the triangle area:
111
A—lx Xy X
2 1 "2 3
Yi Y2 Y3

1
=§(X2Y3 X Y2 H XYy = XYy~ X Ys — X Y3 ),
U =Urg +Uz0; +U505,
where U;, U5 and US are the values at the three

element nodes respectively. From the above equation,
we can easily derive the following equations:

VT _ye 9, ys 22,40 @)
OX OX OX OX

V” _ye 20y 90 |y 005 (43)
oy oy oy

Finally, we get the system equations from assembling
the element equations. By solving the system equation,
the value U(x,y) at the node (X,y) at time step n+1 can be
calculated. So the pressure value p(X,y) can be easily
calculated from U(X,y).

2.2 Mesh generation

In order to get the appropriate solution of the definite
problem, the finite element method is used to solve the
differential equations. The solution area needs to be dis-
cretized in terms of nodes, lines or planes first. In this
paper, the unstructured triangular grid self-adaptive
technology presented in 1990s is used to discretize the
research region. The technology is the improved method
of Delaunay triangulation based on Watson algorithm.
For the transient seepage problem near a single well, the
pressure gradient near-wellbore is much larger than that
at the point far from the well. Therefore, mesh densifica-
tion in the near-wellbore region is needed to ensure the
accuracy of the solution while relatively coarse grids can
be used in distant area. Figure 1 gives the triangular
grids of single well with circle outer boundary for radial
flow. Figure 2 represents the amplified grids in the near-
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wellbore region. The mesh near-wellbore can be thick-
ened in an arbitrary way.

Figure 2 The grids in the near-wellbore region.

2.3 Finite element program design

The computer program frame for solving the mathe-
matical model of well test analysis by using the finite
element method is shown in Figure 3. According to the
computer diagram in Figure 3, the corresponding finite
element calculation program is compiled. The double
logarithm curves that reflect the change of the wellbore
pressure and pressure derivative with time are calculated
by using the finite element method.

3 Characteristics analysis of type curves

3.1 Type curves for the infinite pressure-sensitive
fractured reservoir

Based on the transient flow model for the pressure-sen-
sitive fractured reservoir, we get the type curves of the
wellbore pressure with four conditions: (1) just consid-
ering permeability variation; (2) just considering the

| Read information of the mode of the unit'—

!

| Construct the unit equation series |

No—>|

| Assemble the system equation series |

!

| Compute the system equation series |

!

4@’»
Yes
End

No —>

Figure 3 The finite element program diagram.

porosity variation; (3) considering both permeability and
porosity variation; (4) considering neither permeability
nor porosity variation. These four kinds of type curves
are shown as Figure 4.

Figure 4 shows that: (1) Only with porosity variation,
the type curves of the wellbore pressure and its deriva-
tive in the pressure-sensitive reservoir is similar to that
of non-pressure-sensitive reservoir. This is in agreement
with the experimental results. In other words, this com-
parison presented here obviously verifies the correctness
of our model in this paper. (2) The type curve with mere
permeability change is similar to the one with the si-
multaneous change of permeability and porosity, which
is in accordance with the experiments. This conclusion
can be explained that the porosity has little influence on
the type curve. (3) If the pressure-sensitive effect is con-
sidered only, there will be certain difference between the
type curves for the pressure-sensitive reservoir and that
of the non-pressure-sensitive reservoir. These conclu-
sions coincide with the present qualitative understanding
and the results are quantitatively expressed in this paper.

3.2 Type curves for the closed circle pressure-sensi-
tive fractured reservoir

Based on the transient flow model for the pressure-sen-
sitive fractured reservoir, the type curves with perme-
ability modulus change in the closed circle boundary
condition are got, shown as Figure 5, from which, we
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can see that: (1) With the increase of the permeability
modulus, the pressure curve of the pressure-sensitive
reservoir deviates upwards from that of non-pressure-
sensitive reservoir, while the pressure derivative curve
of the pressure-sensitive reservoir deviates downwards
from that of non-pressure-sensitive reservoir. (2) With
the increase of the pressure-sensitive fractured reservoir
permeability modulus, the distance between the pressure
curve and the pressure derivative curve increase. Thus, it
can be inferred that the skin factor will be not correctly
explained by conventional well test interpretation soft-
ware. (3) With the increase of the permeability modulus,
the effect on the boundary reflect time is not obvious.

In addition, from the pressure derivative curve in
Figure 5, we can see that the type curves can be divided
into 5 sections:

(1) Pure wellbore storage section: Both the slopes of
the pressure and the pressure derivative curve are equal
to 1.0.

(2) The after flow and pressure-sensitive effect inter-
action section: With the permeability modulus increase,
the time of transition section gradually reduces.

(3) Dual-porosity characteristics reflection section:
There is an almost symmetrical hollow region in the
pressure derivative curve, which is the same as the con-
ventional dual-porosity reservoir.

(4) The infinite radial flow section: The pressure de-
rivative curve is very different from that of conventional
infinite homogeneous reservoir. The pressure derivative
of conventional infinite homogeneous reservoir is equal
to constant 0.5, but that of the pressure-sensitive reser-

10? F—r T T T R T T T T T T T T T T T T TG
E | | ]
F ++ees Pressure curve for changing |pemleabi|il}r
F Pressure derivate curve for changing permeability
I~ Pressure curve for both changing porosity and permeability
101 = ‘ Pressure derivate curve for both changing porosity and permeability
[ a==ss Pressure curve for changing porosity v
r r.g-b-#v': -
L P22
-0 3
Loqp0 -
s EF PN
a, E ' e
F Bttt B O o B o o
107"
F ss++n Pressure derivate curve for changing porosity
F s++es Pressure curve for normal reservoirs
r sesee Pressure derivate curve ror normal reservoirs
o2 ¥l ol il FEFEETTT BT TTTY BRI AT
102 10! 10° 10! 10* 103 104 10% 108
tn/Cp
Figure 4 The type curves of the infinite pressure-sensitive fractured reservoir.
1025 T |||||||1 T |r|||||| T T T T T T LR AL T T TTTIm T TTTTm T TTTI T T T
| ety = 0.001
| — = 0.005
10! E T Gyp = 0.01 SEEEiEETITEE TS rwwe:
- ayp = 0.05
. aypn = 0.00
10°L E
-0 - E
& [ ]
R E 4
107 E B
102 L =
103 102 10! 10° 10! 102 108 104 10° 106 107
Ty

Figure 5 The type curves of pressure and pressure derivative for the closed circle pressure-sensitive reservoir (CDE2S=1, ®=0.01, 1=0.01).
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voir is equal to a constant which is smaller than 0.5.

(5) Outer boundary reflecting section: For closed cir-
cle reservoir, the pressure derivative curve upwarps
when the pressure wave reaches the outer boundary, and
the pressure curve and its derivative curve merge into a
straight line with the slope of 1.0.

3.3 Type curves for the pressure-sensitive fractured
reservoir with linear combination quadrilateral
boundaries

In order to verify the correctness of mathematical model
and the practicality of calculation method, the type
curves of the pressure-sensitive fractured reservoir with
linear combination quadrilateral outer boundaries are
calculated in this paper. In the calculating region, there
are three closed linear boundaries and one pressure-fixed
boundary. Figure 6 shows the grids of the domain and
Figure 7 describes the type curves. Figure 7 shows that
when the pressure wave reaches the closed boundaries,
the pressure declines, but the pressure difference in-
creases and both pressure curve and pressure derivative
curve go upwarps. And when the pressure wave reaches
pressure-fixed boundary, the pressure keeps steady, but
the pressure derivative decline. This conclusion is in
accordance with the boundary reflection of the non-
pressure-sensitive reservoir.
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Figure 6 The grids in the solution region.

3.4 Simplified analysis of the type curves for the
pressure-sensitive fractured reservoir

The transient flow model for the pressure-sensitive
fractured reservoir in this paper can be simplified as that
of pressure-sensitive homogenous sandstone reservoir.
Therefore, the obtained results are somewhat universal.
The degenerate type curves of pressure and pressure
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derivative are given in Figure 8.

4 The field case of well test data analysis
for the pressure-sensitive fractured reservoir

In order to verify the correctness of mathematical model
and the practicality of numerical method for the pres-
sure-sensitive fractured reservoir, some field test data in
the high pressure deep wells are analyzed and good
analysis results are got. These results have been used in
the oilfield development plan’s design. Here, we show
the application of the transient flow model for pres-
sure-sensitive fractured reservoir by one of the field
cases.

4.1 Introduction of one well in some oil field

The well completed in the formation at depth of 5101 m,
and belongs to the high-pressure ultra-deep well and is
very difficult to test. It took 12 days to accomplish the
well test to get the test data. The whole test history data
is shown in Figure 9.

4.2 Well test analysis results

According to the well test analysis requirement, it is
necessary to get correct analysis results for matching the
double logarithm, semi-logarithm superposition and
whole history all perfectly. Our analysis fitting graphs
are presented in Figures 10—12.

4.3 Evaluation of the well test results

The comparison between our analysis results and con-
ventional analysis results are shown in Table 1. Seen
from the table, except the permeability has lager differ-
ence, the skin factor has the largest difference, which is
in accordance with the result from above theoretical
analysis. According to the field analysis, the skin factor
of 63.46 expresses the formation damaged seriously. But
the formation in this region actually has not been dam-
aged, it is only a kind of fractured reservoir with some
pressure-sensitive characteristics as the production for-
mation is 5000 m under ground. This conclusion is
proved very well by the indoor core experiments.

In addition, an important parameter, namely permea-
bility modulus, is obtained in this paper. It can be dire-
ctly applied to the well productivity rate prediction. The
field application results show that the production rate
predicted by using the permeability modulus in our study
perfectly agrees with the actual production situation.
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Figure 8 The type curves for the pressure-sensitive homogenous sandstone reservoir (¢=0.00, CDE2S=1).

Table1 The comparative analysis of the well test results

Parameter name Our analysis results Conventional analysis results
Flow coefficient (um>m/mPa-s) 0.7925 2.0972
Reservoir factor (um?”-m) 0.03065
Reservoir permeability (um?) 14.95x107° 39.21x107°
Reserve storage coefficient 0.06 /
Cross flow coefficient 0.3x107 /
Permeability modulus (MPa™) 0.01921 /
Wellbore storage coefficient (m*/MPa) 8.291x107° 1.597x107°
Skin factor —1.485 63.46
Reservoir pressure (MPa) 105.2 105.063
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5 Conclusions

The transient flow model presented in this paper has

1 Thomas R D, Wardd D C. Effect of overburden pressure and water
saturation on gas permeability of tight sandstone cores. J Pet Technol,
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Figure 12 The whole history matching diagram.
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been successfully applied to the real reservoirs. Nu-
merical method is capable of producing highly accurate
and reliable solutions. The conclusions can be drawn
below:

(1) According to the current experimental results and
the pressure-sensitive fractured reservoir properties, the
transient flow model with various outer boundary condi-
tions for the pressure-sensitive fractured reservoir is es-
tablished.

(2) The finite element equation of the transient flow
model for the pressure-sensitive fractured reservoir is
derived.

(3) Based on the unstructured grids of the research
regions applied, we calculate the wellbore pressure
curves for the pressure-sensitive fractured reservoir with
different outer boundaries, such as infinite boundary,
circle boundary and combined linear boundaries are
calculated by using the finite element method. The
characteristics of the type curves are comparatively
analyzed.

(4) The effects on the pressure curves cased by
pressure sensitivity coefficient and the effective well-
bore radius combined parameter CDe28 are determined.
The method for calculating the reservoir factor of the
pressure-sensitive reservoir is introduced.

(5) By analyzing the well test data of a gas well in the
high temperature and high pressure deep reservoir, we
get good analysis results. The correctness of the tran-
sient flow model for the pressure-sensitive fractured
reservoir in this paper is verified.
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