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Naturally fractured carbonate reservoirs have been discovered in many oilfields around the world and are
characteristic of a complex, heterogeneous porosity system. The presence of large-scale cavities will have
a noticeable effect on the transient pressure behavior, especially, when a well is drilled through them.
The cavities are usually filled with loose materials, such as gravel, sand, and mud, due to the physical or
chemical processes. Therefore fluid flow in a filled cavity may range from low-velocity Darcy flow to
high-velocity non-Darcy flow. It is necessary to incorporate cavity filling effect in the type curve

Keywords: ) matching for flow behavior in fractured carbonate reservoirs. The objective of this work is to develop an
Natllirally_ fractured reservoir efficient well testing model to analyze and interpret the transient pressure responses observed in a
Well testing naturally fractured carbonate reservoir, in which a well is drilled through a filled cavity. To this end, a
The Barree-Conway model . . . . . . . . . e

Filled cavity radial composite reservoir model including the inner and outer regions with different characteristics is

proposed. The inner region is a filled cavity with a well drilled into. The outer region, a naturally frac-
tured reservoir, is considered as a dual-porosity model in this work. The Barree-Conway model, initially
proposed for a proppant-packed fracture, is applied to simulate the non-Darcy flow in the inner region.
The corresponding mathematical model is developed, and a numerical solution is then obtained based on
the finite difference method, which is further verified by the analytical solution under simplified flow
condition. Several standard log-log type curves are provided to reveal the flow characteristics. The flow
process is shown to have six flow stages in general. Subsequently, sensitivity analyses of the type curves
are carried out. The calculated results show that the characteristics of the well testing type curves are
influenced significantly by non-Darcy coefficients, the size of the filled cavity, and the petrophysic
property ratio between inner and outer areas. Finally, the proposed model is applied to analyze and
interpret two field testing examples.

Dual-porosity model

© 2016 Elsevier B.V. All rights reserved.

1. Introduction range from several meters even to tens of meters. The recent work

indicates that fractured-cavity reservoirs are the major type in

In the past decade, naturally fractured carbonate reservoirs
have been discovered and developed in China (Kang et al., 2005;
Li, 2013; Li, 2013; Yao et al., 2010). This kind of carbonate reservoir
commonly has complex pore structures and presents special
challenges not found in sandstone reservoirs (Camacho-Velazquez
et al., 2005; Huang et al., 2010; Popov et al., 2009a). There are
three types of pores in naturally fractured carbonate reservoirs,
i.e., matrix, fractures and vugs (Huang et al., 2013, 2011; Popov
et al., 2009b). As observed in the outcrops of Tahe and Tarim oil-
fields in west China, however, some large cavities also exist in
formations (as shown in Fig. 1). The sizes of these cavities may
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Tahe oilfield (Li, 2012), and there are a number of wells drilled in
large cavities, which can be identified by string of beads-like
seismic reflection structures and abnormal wave resistance (Li,
2012; 2013).

The transient pressure behaviors in naturally fractured carbo-
nate reservoirs are very different from that in the conventional
sandstone (Camacho-Velazquez et al., 2005; Jia et al., 2013; Wu
et al, 2011a; Yang et al., 2005). If a well is drilled into a cavity, the
corresponding well testing response will be more complicated. In
the previous works, cavities and large-scale vugs are usually
considered as voids of free-fluid flow regions, in which the Stokes
equation is applied to describe the fluid flow (Arbogast and Go-
mez, 2009; Arbogast and Lehr, 2006; Peng et al., 2009). And then
the main challenge of fluid flow modeling focuses on the coupling
of free flow with porous flow (Gulbransen et al., 2010; Huang et al.,
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Nomenclature

Aq undetermined coefficient in the analytical solution

B; undetermined coefficient in the analytical solution,
i=1.2

B volume factor, m?/m?>

C wellbore storage coefficient, m>/Pa

G total compressibility, i=m,f,c,1/Pa

Io the first kind of 0-order imaginary argument Bessel
functions

I the first kind of 1-order imaginary argument Bessel
functions

Ko the second kind of 0-order imaginary argument Bessel
functions

Kq the second kind of 1-order imaginary argument Bessel
functions

ai element of the coefficient matrix in the analytical so-
lution, ij=1,2,3

h formation thickness, m

ki Darcy permeability of matrix, fracture and the filling
cavity, i=m,f,c, pm?

Kmin the minimum permeability at high velocity

Kenr The minimum permeability ratio, kmin/k

Di fluid pressure, i=m,f,c, Pa

DPw bottom hole pressure, Pa

vp pressure gradient

q flow rate at wellhead , m3/s

Tw wellbore radius, m

Ie radius of the filling cavity, m

Te drainage radius, m

s skin factor

t time, s

v fluid flow velocity, m/s

z Laplace space variable

Greek letters

a inter-porosity flow coefficient

y permeability ratio of the two regions

On modified high-velocity non-Darcy coefficient

1) dimensionless modified high-velocity non-Darcy

coefficient

diffusivity ratio between the two regions
inter-porosity flow shape factor

dynamic viscosity of the fluid, Pa-s

the fluid density, kg/m>

the inverse of characteristic length, 1/m
dimensionless characteristic length
porosity, i=m,f,c

elastic storage ratio

S;@.S] AV T >

Dimensionless parameters

Cp dimensionless wellbore storage coefficient
Dip dimensionless pressure, i=m,f,c

DPwp dimensionless wellbore pressure

P dimensionless pressure in Laplace space, i =m,f,c
qwp dimensionless production

™ dimensionless radius

to dimensionless time

Superscript

n the previous time step

n+1 the current time step

Subscript

[« cavity

f fractured system

m matrix

Fig. 1. Typical outcrops of Tahe and Tarim oilfields in west China.

2011, 2010; Peng et al., 2009; Popov et al., 2009a, 2009b). The
corresponding modeling results indicate that the cavities or vugs
can be considered as some equipotential bodies, in which the fluid
pressure is equal due to the infinite permeability. Based on this

point, Liu and Wang (2012) and Yang et al. (2011) developed a
simplified composite well testing model, in which the cavity is
treated as an equipotential body and the outer fractured region is
modelled by a dual-porosity model. Cheng et al. (2009) has
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proposed a similar model in which the cavity is considered as an
expanded wellbore.

However, the cavities are commonly filled with loose material,
such as sand, gravel and mud (Popov et al., 2009a, 2009b), as il-
lustrated in Fig. 1. Recently, Hu et al. (2014) and Zhang et al. (2012)
studied the cavity filling characteristics based on the outcrops in
northern Tarim basin and the well logs of Tahe oilfield. The results
indicate that the effects of cavity filling can play a crucial role in
the overall response of the reservoirs. To this end, Zhang et al.
(2009) developed a well test interpretation model for naturally
fractured reservoir considering a well drilled in a large cavity. In
their flow model, the cavity was treated as a Darcy flow region
with higher permeability than the outer porous zone. Never-
theless, they did not make further analysis of the cavity filling
characterization and the corresponding effects on the transient
pressure behavior in fractured reservoirs. Moreover, the filling
material may be very different as mentioned above, and the di-
mensions of the loose material particles may range from milli-
meter scale to centimeter scale even meter scale. As a result, the
fluid flow regime in filled cavities may range from low-velocity
Darcy flow to high-velocity non-Darcy flow dependent on the
filling characteristics.

The effects of high-velocity, non-Darcy flow in porous media
have been investigated by using Forchheimer
equation (Forchheimer, 1901) for decades (Evans et al., 1987;
Huang and Ayoub, 2008; Wu, 2001; Ye et al., 2014). However, the
Forchheimer equation has been found to be inadequate for mod-
eling the non-Darcy phenomena over the entire flow velocity
range (Barree and Conway, 2009, 2004; Huang and Ayoub, 2008;
Ranjith and Viete, 2011). Furthermore, when we consider non-
Darcy flow in a filled cavity, it is not convenient to apply the
Forchheimer equation because its non-Darcy coefficient is not di-
rectly related to the cavity filling characteristics, such as the mean
equivalent diameter of the filled particles. Recently, Barree and
Conway (2009, 2004) developed a new physical-based model for
describing the non-Darcy flow based on experimental and field
data. This model has been applied to the single- and multi-phase
non-Darcy flow analysis in porous media (Al-Otaibi and Wu, 2010;
Wau et al., 2011b; Zhang and Yang, 2014a, 2014b). The further la-
boratory researches and analyses (Lai et al, 2012; Lopez-
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Fig. 2. Schematic of a well drilled into a filled cavity within naturally fractured reservoir (a), and its corresponding 3 — D physical model (b) and areal 2 — D physical model (c).
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Hernandez, 2007) indicate that the Barree-Conway model can
describe the non-Darcy flow behavior from low to high flow rates.
Moreover, the Barree-Conway model was proposed for the prop-
pant-packed hydraulic fracture initially so a characteristic length
parameter of the filled particles exists apparently in the model.
From this point of view, it is convenient and reasonable to use the
Barree-Conway model to consider the cavity filling effects.

The objective of this work is to develop an efficient well testing
analysis model, which is suitable for naturally fractured reservoirs
with a well drilled into a large-scale cavity. We propose a com-
posite reservoir model: (1) the filled cavity is treated as the inner
region, in which a well locates at the center and the Barree-Con-
way model is applied to describe the fluid flow; (2) the outer re-
gion consists of naturally fractured porous media, in which the
dual-porosity model is applied. This paper is organized as follows.
The physical model and the corresponding mathematical well
testing model are developed for the composite reservoir in Section
2. Then in Section 3, an efficient finite difference numerical
scheme is applied to solve this model. The transient pressure
curves and the corresponding flow characteristics are provided
and the effects of some key parameters are discussed. As examples
of model validation and application, two field cases are studied
based on the proposed model in Section 4. Finally, several key
remarks are concluded in Section 5.

2. Physical concept and mathematical model
2.1. Physical concept

The carbonate reservoir in Tahe and Tarim oilfields of China is a
typical example of reservoirs composed of matrix, fracture and vug
systems, called as naturally fractured vuggy carbonate reservoir.
Typical outcrops in Tahe and Tarim oilfields are shown in Fig. 1.
Fig. 2 shows the physical schematic model of a well drilled into a
filled cavity within a fractured carbonate reservoir. As shown in
Figs. 2-b and 2-c, the physical model is divided into two disparate
parts: one is the interior region, i.e., the filled cavity; and the other
is the outer region, i.e., the naturally fractured reservoir. In the
outer part, the vug system is usually connected with fracture

naturally fractured
vuggy reservoir

filled cavity

]
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system, forming the main pathway for the global flow. Therefore,
the whole outer region is treated as a conventional double-por-
osity model (Warren and Root, 1963) in this work. Moreover, the
following assumptions are made for the physical model:

1. The well produces oil at a fixed volumetric rate and the re-
servoir has a uniform pressure distribution before production.

2. The Barree-Conway model is applied to describe the non-Darcy
flow in the filled cavity (i.e. the interior region). The outer re-
gion, i.e. the fractured reservoir, is a double porosity model. The
fracture-vug system is the main pathway in which linear Darcy
flow model is applied, and the matrix system is only regarded as
the source providing fluid to the fracture-vug system.

3. Both fluid and rock are lightly compressible with constant
compressibility coefficients.

4, Gravity is neglected and no chemical or physical reactions
happen, and the isothermal flow process is assumed.

5. Both the top and bottom boundaries of the reservoir are closed
or impermeable.

2.2. Dimensionless mathematical model

The original mathematical model is shown in Appendix A. In
order to obtain the dimensionless one, a group of dimensionless
parameters should be defined first and then substituted into the
previous mathematical equations. Definitions of the dimensionless
parameters are listed in Table 1. The last three dimensionless
parameters, as well as minimum permeability ratio k. are of
great significance in this study. We will explore their influences on
bottom hole pressure response, together with their practical
meanings in Section 3. The dimensionless mathematical model
will be written as follows:

1. Non-Darcy flow region: 1 < 1 < 1

6P7m _ li(rD(sapCD] =0

otp Iy 0lp orp e))
2. Darcy flow region: rp < 1p < Tep
0pﬂ) 10 ‘)pr
Rl (DR A P 10l IR - =0
Yoty 1 arD[rD ory ) + (P = Pop)
ap
1-0)—2 _i(p.,-p.)=0
( ) al’D ( fD mD) (2)
3. Initial condition
Pep(To 0) = pip(7ps 0) = Py (1 0) = 0 3

Table 1.
Dimensionless parameters.

Parameters Definitions

Dimensionless radius, mp =T /(rwe’s)

tp= kft/[(¢mcm + ¢bgCp ), 3\1]
Pip = 27keh(py — p;)/gBe (i=m, f, <)
Cp = C[2nhrdgece

Dimensionless time, tp

Dimensionless pressure, pip

Dimensionless wellbore storage
coefficient, Cp

Fluid storage capacitance coefficient, , = 4 o /( GenCim + b fo)
@

Inter-porosity flow factor, 4 2 = a( ki),

Dimensionless characteristic length, p = pqB[2ahprr,e
k)

Diffusivity ratio between the two
regions, n

Ratio of the permeability between
two regions, y

n= ¢CCC/((/)mCl‘ﬂ + (/’fcf)

= kelke

4. Inner boundary condition

CdeWD _ 5apCD 1
dty oy =1
ap
Pyp = (pcD - 55TCD)
P =1 “)

5. Coupling interface conditions

bp = Ppp
5P _ Pp. aApH=Tp
o, o, %)

6. Outer boundary condition

0]

P =0 closed boundary r = r,p

arD T=1eD

pr|r:reD = Db —— 0 constant pressure boundary r

= leD (6)

where rop is the interface between two regions; pwp is di-
mensionless wellbore pressure; § is dimensionless modified high-
velocity coefficient and given as:

1 -k,

s=k 4 L= Kme
1+ 7 g,p/1) %)

mr

Here, q;p is the dimensionless production rate and the follow-
ing is satisfied.

4y 1 dp,, A, Y, o
L= 1+kymp—24+ |1+ kpp——2 | — 4p——=
) 21, dry dry ®)

Then, & can be evaluated by using Eq. (7).

3. Type curves and analysis
3.1. Verification of the numerical solution

The above mathematical model is strong non-linear, so it is
difficult to get an analytical solution. Therefore, numerical solution
is preferred in this work. Before analysing the well testing curves
obtained numerically, the numerical method and code in this pa-
per are verified by two ways. The first is using Li's data (Li et al.,
2013) of homogeneous reservoir as reference to show our non-
Darcy solution method is right. Secondly, analytical solution of a
composite radial reservoir, in which Darcy flow controls the whole
region, is used to check the numerical method and code. The nu-
merical solution and analytical solution processes are shown in
Appendix B detailedly.

Li has studied the Barree-Convey model in homogeneous re-
servoir and compared it with conditional Forchheimer non-Darcy
equation. The reference solution shown in Fig. 3 is one of Li's so-
lution data sets which has been published. We first use the non-
Darcy part of our model to match it. The dimensionless parameters
are:

Cpe® =100, k., =0.1, 75 =3.0, rp=5000

Obviously, the compared result indicates that the mathematical
model and numerical method of the non-Darcy part are valid.
Next in the second verification, we also consider a composite
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Fig. 3. Comparison of reference solution by Li and calculated solution in this work.

Table 2.
Dimensionless parameters.

Parameters Value
Minimum permeability, Km 0.01
Dimensionless characteristic length, 7 10
Dimensionless radius of the filling cavity, rep 40
Ratio of the permeability of fracture to that of the filling cavity, y 0.01
Diffusivity ratio between inner and outer part, n 5
Capacitance coefficient, o 0.2
Fracture-Matrix inter-porosity coefficient, 1e =2 10-¢
Dimensionless wellbore storage coefficient, Cpe?® 10°
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Fig. 4. Well testing curves for comparison between analytical and numerical
solutions.

radial reservoir which consists two regions: the inner filled cavity
which is treated as single-porosity media; the outer naturally
fractured reservoir regarded as double-porosity media. The fluid
flows in both regions are assumed to satisfy Darcy's law. In order
to obtain this analytical solution, the Barree-Conway non-Darcy
flow model used in the interior region will be reduced to Darcy
flow model by setting k,,,=0 and 7— co. The derivation of the
analytical solution is shown in detail in Appendix B.2. The Laplace
space solution (B.12) is inverted by using the Stehfest algorithm
(Stehfest, 1970). The dimensionless parameters listed in Table 2 are
applied in this verification except that the minimum permeability
and dimensionless characteristic length are neglected in the nu-
merical solution (non-Darcy effect is not taken into considered in
order to make a comparison with analytical solution), and the
comparison between the numerical and analytical solutions is
shown in Fig. 4. The compared results indicate the numerical so-
lutions are in excellent agreement with the analytical ones.

3.2. Type curves

In well testing analysis, type curves are those graphic plots
using analytical or numerical solutions to flow equations under
specific initial conditions, boundary conditions and geometry of
the interpretation model representing a reservoir-well system.
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Fig. 5. Well testing type curves for different outer boundary conditions. (For in-
terpretation of the references to color in this figure, the reader is referred to the
web version of this article.)

Type curves also provide a continuous solution that incorporates
the effects of the various flow stages of pressure behavior. The
pressure profiles usually look identical, while the derivative curves
for each situation are unique. Pressure derivative curves represent
the shapes that can occur with different reservoir properties and
geometries. Moreover, the pressure transients will go through
several different processes as they travel, which are called flow
stages or flow regimes. These flow stages depend on elapsed time
and distance from the wellbore, and have characteristic pressure
distributions in the reservoir.

Fig. 5 shows the dimensionless log-log well testing type curves
under three different external boundaries: infinite boundary,
closed boundary, and constant pressure boundary. Related di-
mensionless parameters are listed in Table 2. It can be divided into
six flow stages:

Stage I: Wellbore storage stage. The production in this stage is
dominated by the fluid initially stored in the wellbore, while
formation fluid does not start flowing. Curves for pressure and
its derivation are on an upward sloping line with unit-slope on a
log-log plot. Besides, there is a hump exhibited on the derivative
pressure curve. The type curves are controlled by dimensionless
wellbore storage coefficient (Cp) and skin effect (s).

Stage II: Radial flow in the filled cavity. 3p-seismic image shows
that fluid flow in collapsed karast are more radial like shapes
and show radial flow. Production is dominated by the depletion
of the filled cavity system. After the wellbore storage stage, the
formation fluid in the cavity begins to flow into the wellbore.
Therefore, wellbore pressure depletion is slow down, which
makes the rate of wellbore pressure depletion decrease and the
value of pressure derivative decrease accordingly; and then the
system comes to the first radial flow stage. However, because of
the influence of the inter-region flow differences, the pressure
derivative curves in this stage may not converge to a 0.5-hor-
izontal line. If the supply capacity of the inner filled cavity is
relatively better, or the range of the cavity is larger, the stage of
fluid flowing from the cavity to the wellbore will last longer;
otherwise, this stage may be merged by stage I, i.e., wellbore
storage stage, thus leading to a higher wellbore storage coeffi-
cient. In this stage, the type curves are controlled by the di-
mensionless radius and the supply capacity of the filled cavity.
Stage III: Fracture system flow from the outer region to the in-
ner region. Production is dominated by the depletion of both
the cavity (inner region) and the fracture system (outer region).
After the pressure wave propagates to the boundary of the filled
cavity, the fracture system in the outer region will compensate
the fluid losses of the inner region. But due to the poorer phy-
sical properties than that in the inner area, i.e., a lower per-
meability, the pressure will grow up. Meanwhile, it also reflects
an increasing trend on the derivative curve. Both the pressure
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and its derivative curves ascend to a higher value. And the lar-
ger the difference, the sharper the type curves in this stage will
be. In this stage, the type curves are controlled by the ratio of
the permeability of fracture to that of the filling cavity.

Stage IV: Inter-porosity flow stage of matrix system to fracture
system. Production is dominated by the depletion of the two
regions, including the filled cavity, the fracture system and the
matrix system. The pressure derivative curve is concave, which
is a reflection of the inter-porosity flow of matrix to fracture
system. Physical processes that occur during this inter-porosity
flow stage are: wellbore pressure depletion is hindered due to
fluid supplement from matrix system to the fracture system,
which makes the rate of wellbore pressure depletion decrease
and reflects a decrease value of the pressure derivative; how-
ever, the fluid supplement declines as the pressure depletion of
the matrix system, thus resulting an increasing value of the
pressure derivative accordingly. Therefore, the wellbore pres-
sure derivative curve in the inter-porosity flow stage is a typical
concave shape. In this stage, the type curves are controlled by
inter-porosity flow factor.

Stage V: Radial flow stage of the whole system. Production is
dominated by the depletion of both regions. The inter-porosity
flow of matrix to fracture system showed in stage IV has stop-
ped. The pressures of the whole system have gone up to a state
of dynamic balance. It has come to a whole radial flow state,
which is showed on the pressure derivative curve with a hor-
izontal line with a non-0.5 value because of the difference of
physical properties of the two regions. If the permeability of the
fracture system is equal or higher than that of the filled cavity,
this value may be close to 0.5 or even lower.

Stage VI: External boundary response stage. The pressure wave
has arrived at the external boundary of the reservoir. Different
external boundaries yield different curve shapes. As shown in
Fig. 5, the blue, green and red lines denote the closed boundary,
infinite boundary and constant pressure boundary, respectively.
For a constant pressure boundary: pressure depletion of the
reservoir caused by well production is suddenly supplemented,
which makes the rate of wellbore pressure depletion slightly
decrease and the value of the pressure derivative decrease
accordingly; for a closed boundary: pressure depletion of the
reservoir without the peripheral energy supplement is aggra-
vated, which makes the rate of wellbore pressure depletion
swiftly increase and the value of the pressure derivative
increase accordingly. In this stage, the type curves are con-
trolled by the dimensionless radius of external boundary.

Of course, the shape of the well testing curves will change with
the different situations, in which different model parameters are
used. This will be discussed in detail in the next.

3.3. Comparison of non-Darcy flow and Darcy flow in the filled
cavity

Zhang et al. (2009) have also developed a well test model for
naturally fractured carbonate reservoir considering a well drilled
into a large-scale cavity, in which Darcy flow model was applied.
Therefore, it is necessary to compare the fluid flow behavior of
Darcy flow model to the Barree-Conway non-Darcy model, which
are used in the filled cavity respectively. Related dimensionless
parameters are the same as that listed in Table 2. As shown in
Fig. 6, the pressure curves as well as its derivatives are in a similar
tendency when different flow equations are applied. However, the
bottom-hole pressure drop increases significantly in the first two
flow stages when non-Darcy flow model is used. Meanwhile, the
two flow stages in the inner region are relatively delayed for non-
Darcy flow model. This is due to the larger flow resistance at
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Fig. 6. Well testing curves for different models.
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Fig. 7. Well testing curves for different cavity sizes.

higher fluid flow velocity. Besides the viscosity resistance, the
additional inertial term has been included in the Barree-Conway
model as well as Forchheimer equation. Actually, the Barree-
Conway model is a general equation to describe the entire range of
flow regimes from low-velocity Darcy flow to high-velocity non-
Darcy flow. So it is convenient to use this model to describe the
fluid flow in a filled cavity with different filling cases.

Fig. 7 shows the effect of different size of a filled cavity on the
type curves. The results indicate that a larger cavity provides en-
ough time to represent a relatively completed flow pattern as
shown in Fig. 7. In other words, the nonlinear flow in a small-
radius-filling cavity will be easily overlapped by wellbore storage
stage, resulting in a larger wellbore storage coefficient, especially
when the cavity has a poor filling. This is the case of the research
works developed by (Cheng et al., 2009; Liu and Wang, 2012; Yang
et al,, 2011).

3.4. Influences of non-Darcy parameters

The Barree-Conway model describes the fluid flow in a filled
cavity using two non-Darcy parameters: k., and 7p (Note that 7p is
related to adverse characteristic length). Figs. 8 and 9 show the
influences of the different parameters value on the transient
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Fig. 8. Well testing curves for different k.
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Fig. 9. Well testing curves for different z.

pressure behavior. Related dimensionless parameters are listed in
Table 2 except the dimensionless cavity radius, which is set to 30.
The results show that the bottom-hole pressure drop rises and the
flow stages shift right with the decrease of k., and increase of 7p.
As a smaller ky,, and a larger 7p, varying inversely with 7, re-
presents a stronger non-Darcy effect. k;,, is the minimum per-
meability ratio related to the minimum permeability at high flow
rate when non-Darcy flow occurs. Various explanations for its
physical meaning have been advanced in different literature,
mainly including two mechanisms, which are both associated with
the pore structure (Barree and Conway, 2004).

(1) Due to the different filling materials and compaction degrees,
the pore structures in a filled cavity may vary dramatically. In
normal porous media flow, the fluid will accelerate through
the relatively narrow pores and inversely decelerate when
passing larger ones. Such repeated changes in velocity must
lead to inertial losses, which are responsible for the decrease
in apparent permeability associated with non-Darcy flow.
Edwards et al. (1990) suggest that at higher rates, the flow will
keep a better defined streamlines in the whole body, rather
than become slower when entering larger pores. As a result,
the inertial loses introduced by changing velocity will be
minimized. The system will approach a nearly constant
apparent permeability.

(2) Another exploration is that at low rate, most part of the total
flow capacity is dominated by large pore channels. While as
flow rate increases, the flow will divert to smaller pores suc-
cessively, thus reaching a more uniform velocity distribution
in the system and compensating for the inertial losses.
Therefore, if the pore size ranges in a narrow scale, the inertial
losses will be small accordingly. A uniform velocity distribu-
tion will be easily to be satisfied and the minimum perme-
ability may approximate the real permeability. Inversely, the
minimum permeability will be very small if the pore structure
is quite complex.

So the parameter, ky,;, can be used to describe the complexity of
the pore structure. A smaller k., represents more heterogeneous
filling and compaction in a cavity, and a larger flow resistance. The
characteristic length parameter, 7, is related to the mean particle
diameter of the filling materials. So it can be used to describe the
characteristic dimension of the filling material particles. A smaller 7
represents a larger size of the filling particles. Therefore, the specific
surface is smaller, and the flow rate is higher. And then, the fluid flow
in a filled cavity will deviate more from linear Darcy flow.

3.5. Influences of rock properties of inner and outer regions

Fig. 10 shows well testing curves with different permeability
ratios y. Related dimensionless parameters chosen here are the
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Fig. 10. Well testing curves for different y.

same as those in Section 3.4. y=1 means the fracture system of the
outer region has the same permeability as that of the filled cavity.
In this case, the phenomenon of obvious pressure drop increases,
as expounded above, does not appear due to the same perme-
ability. Moreover, the fluid supply process from the cavity happens
later. While y <1, the smaller value of parameter y means the
larger difference of the rock properties between the two regions.
The change of the bottom-hole pressure drop is more evident and
the flow stages are more remarkable.

Fig. 11 shows the well testing curves with different ratios of
diffusivity # between the two regions. If 77 < 1, the supply ability of
the inner region is worse than that of the outer region. Hence the
pressure wave will propagate to the coupling interface between
the cavity and outer region in an early stage. And there is nearly a
zero pressure-change while propagating from the cavity to the
outer region. Actually, the stage III of the type curve may be con-
sidered as an additional wellbore storage effect. With the increase
of 7, the fluid supply capacity of the filled cavity becomes better
and the stage II will last longer.

4. Field case study

The derived type curves in Section 3 would be a family of
specific “Geotype” curves for naturally fractured carbonate re-
servoirs. Our conceptual model can be used to evaluate the filling
characteristics of a filled cavity, where a well drilled. In the fol-
lowing, we will validate our conceptual model by using two real
field production well data. And then some meaningful well test
interpretation results can be obtained.

4.1. Case 1

In this case, the proposed well test model is used to analyze
well test data in Tahe oilfield. This is an evaluation well located in
the north of Qiemo county in Xinjiang province (Yang et al., 2011).
It was began to be spud in on December 4, 2006 and finished on
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Fig. 11. Well testing curves for different 7.
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Fig. 12. Well testing curves in case 1.

April 13, 2007. The well depth is 5750 m. Drilling stem emptying
and massive mud leakage indicated the well drilled in a large-scale
cavity in the objective formation. Fig. 12 shows that the calculated
results based on our mathematical model match the real observed
data very well.

The dimensionless well test interpretation results are presented
in Table 3. The minimum permeability k. is 0.01, a small value. The
pore size distribution in this formation is relatively non-uniform,
leading to stronger inertial losses during the flow process. Therefore,
loose muddy filling materials are expected in the cavity. This has
been verified by the well log information. The dimensionless char-
acteristic length parameter 7p is 22, which indicates that the average
size of the filling material particles is relatively small (compared with
that in the case 2). Both the specific surface and the flow resistance
are larger. The dimensionless radius of the filled cavity is 40, which
implies the scale of the filled cavity is small. At the same time, the
wellbore storage coefficient is large. Hence, the cavity-flow stage
(Stage II) lasts for a short time and is very easily overlapped by the
wellbore storage stage (Stage ).

The parameter y > 1 as seen in Table 3 means the permeability
of the outer region is higher than that of the filled cavity. So there
is supposed to show a dramatic increase in the third stage of the
pressure and its derivative curve. However, there shows no ob-
vious evidence for such a phenomenon in the early stage in Fig. 12.
In the late stage, the pressure and pressure derivative go up be-
cause of confronting the closed boundary. Besides, the diffusivity
ratio between the inner and outer part # equals 1, indicating that
these two regions have a similar capacity to supply fluid. There-
fore, a conclusion can be drawn from the above analysis: the cavity
flow stage merges with the wellbore storage stage, and the well
production mainly depends on the outer region rather than the
filled cavity. In sum, the matching effect is desirable and the in-
terpretation results are credible.

4.2. Case 2

In this case, an oil production well in Tarim oilfield is selected
to analyze. It is a typical fractured vuggy carbonate reservoir

Table 3.
Dimensionless parameters used to match field case 1.
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Fig. 13. Matching curves of well testing interpretations in case 2.

located in the north area of Tarim basin. During the drilling op-
eration, the total height of drill stem empty is 14.68 m and the
accumulated leak drilling fluid is 476.2 m3, which indicate the well
has drilled into a cavity. Meanwhile, both the well log curves and
seismic profiles show it is a typical cavity-fractured carbonate
reservoir. The matching curves of well test interpretation are
presented in Fig. 13. The corresponding well test interpretation
results are shown in Table 4.

Fig. 13 shows a totally different result from that in the case 1.
The minimum permeability k. in this case is 0.15, relatively high,
which means a good compaction and that the pore size distribu-
tion is relatively uniform. So the inertial losses is small on the flow
process. The dimensionless characteristic length parameter 7p is
200, which implies the average size of the filling material particles
is large and the specific surface is small, leading to a low flow
resistance. The radius of the non-Darcy near-wellbore area is
190 m (Liu et al., 2014), a wide range. The cavity-flow stage (Stage
1) will last for a relatively long time. The permeability ratio y is
0.01. In other words, the permeability of the outer region is much
smaller than that of the filled cavity. Therefore, the pressure and
its derivative climb up when the pressure wave spreads across the
boundary of the inner region, as shown in Fig. 13. The diffusivity
ratio 7 between the two areas is large, indicating that the vicinity
nearby the well has a strong capacity to deliver fluid to the well-
bore. Thus it results in a longer cavity-flow stage. In addition, the
wellbore storage stage still dominates in the early stage.

5. Conclusions

This research presents the well test analysis model and its so-
lution for fractured carbonate reservoirs with a well drilled into a
filled cavity. The standard type curves are provided and analyzed,
and the flow model and numerical method have been applied in
two field tests. The following conclusions can be drawn:

1. A cavity within a naturally fractured reservoir has important

Table 4.
Dimensionless parameters used to match field data in case 2.

Parameters Value Parameters Value
Minimum permeability, k- 0.01 Minimum permeability, k. 0.15
Dimensionless characteristic length, zp 22 Dimensionless characteristic length, 7, 200
Dimensionless radius of the filling cavity, r.p 40 Dimensionless radius of the filling cavity, r.p 1900
Ratio of the permeability of fracture to that of the filled cavity, y 2 Ratio of the permeability of fracture to that of the filling cavity, y  0.01
Diffusivity ratio between inner and outer part, » 1 Diffusivity ratio between inner and outer part, » 20
Capacitance coefficient, o 0.01 Capacitance coefficient, » 0.01
s 10-6 -2s 10

Fracture-Matrix inter-porosity coefficient, ie
Dimensionless wellbore storage coefficient, CDezs

Fracture-Matrix inter-porosity coefficient, le
Dimensionless wellbore storage coefficient, CDezs
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effect on pressure transient during well testing, especially for a
filled cavity. However, the flow rate and regime differs due to
different cavity filling degree, which may range from low-ve-
locity Darcy flow to high-velocity non-Darcy flow. Our results
show that the Barree-Conway model is useful and efficient to
describe the flow process within a filled cavity.

2. The corresponding type curve is divided into six stages. These
stages are influenced by some key parameters, such as the
wellbore storage coefficient, the filling material particle size, the
supply capacity of a filled cavity, the ratio of the permeability of
fracture to that of the filling cavity, the inter-porosity flow fac-
tor, and the external-boundary conditions. Compared with the
Darcy model, the bottom-hole pressure drop increases by using
the Barree-Conway non-Darcy model.

3. kmr and 7p are the two key non-Darcy parameters to determine
the shape of the well testing curve. A smaller k,, represents
more heterogeneous filling and compaction in a cavity, and a
larger 7p represents a higher average value of the filler's size.
With the decrease of ky,, and increase of 7p, non-Darcy effect
becomes more obvious, thus it will result in the rise of pressure
drop.

4, The permeability ratio of fractures of the outer region and the
filled cave is smaller, the change of the pressure at the boundary
of the inner region will be more evident and sharper. Besides, a
larger inner-outer diffusivity ratio means a better supply capa-
city of the cavity, and a longer cave flow stage will exist.

5. Successful field data interpretation validates the effectiveness of
the provided model, which demonstrated that this model could
be applied to real case studies.
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Appendix A
A.1. The interior region: the filled cavity

A schematic composite reservoir is depicted in Fig. 2-c. The
interior region (r,, <r<r.) is the filled cavity area. r,, is the well-
bore radius, and r. is the outer boundary of the cavity. The flow in
the filled cavity is described by the Barree-Conway model, which
will be elaborated in this Section. While the outer dual-porosity
region (r. <r<re) is the Darcy flow zone, and r. is the radius of
exterior boundary.

Based on experimental results and field observations, Barree
and Conway (2004, 2009) proposed a new, physical-based model
for describing non-Darcy flow in proppant fractures for both single
phase and multiphase flows. The new model does not rely on the
assumption of a constant permeability or a constant Forchheimer-
J factor, which is given by

uv
(1= kmpue
k[ Kony + ur+p vl ] A1)

where k is the absolute (Darcy) permeability; k. is the ratio of
minimum permeability to the Darcy's permeability, i.e., kmin/k; pt is
the dynamic viscosity of the fluid, 7 is the inverse of characteristic
length, and Vp is the pressure gradient. Equation (A.1) can be
simplified into Forchheimer equation if k,;=0, or Darcy equation

_Vp =

if kyr=1 o1 7— o0.

Recent laboratory studies and analyses have shown that the
Barree-Conway model provides a single equation to describe the
entire range of flow velocities versus pressure or potential gra-
dient from low-velocity Darcy flow to high-velocity non-Darcy
flow regimes, including those in transitional zones (Lai et al.,
2012). At low flow rates, the Barree-Conway model simplifies to
Darcy equation with a constant permeability k. And the Barree-
Conway model also provides a plateau area at high rates, which
indicates there is a minimum permeability, consistent with la-
boratory and finite element modeling results (Barree and Conway,
2004). Moreover, the Barree-Conway model was proposed firstly
for the proppant-packed hydraulic fracture, so a characteristic
length parameter of the packed particles, i.e., parameter 7, exists
apparently in the model. It is intuitive and convenient to apply the
Barree-Conway model to consider the filling effect of a filled cavity.

As shown in Fig. 2, considering a radial cylindrical flow system
and neglecting the source and sink, the mass conservation equa-
tion in a filled cavity is given by:

. 19

p¢cC =——(rpV), (Iy<TI<Tr1)

ot ror (A2)

where ¢, is the porosity of the filled cavity, and C. is the total
compressibility of fluid and filling material in the cavity. According
to the Barree-Conway model (i.e., equation (A.1)), the velocity v in
equation (A.2) is written as:

- 0]
V= ﬁ(kmr + 1—kmr)ﬁ
U 1+ pv/uc ) or (A.3)

Then the governing equation of the inner region in radial sys-
tem can be obtained as follows:

Cpuo [7)
$eCo P 1a(n’>‘£)=0 (,<r<r)

ke ot rorl Nor (A4)
where Jy is the non-Darcy coefficient:
1-k
on=Kpr + —2
N ey + pv/ur (A.5)

A.2 The outer region: naturally fractured porous media

The outer region is naturally fractured porous media, in which
three porosity types (matrix, fractures, and vugs) are usually
present. There are two major models have been developed to
analyze the transient pressure behavior in fractured carbonate
reservoirs: the dual-porosity model and the triple-porosity model
(Wang et al.,, 2014; Wu et al,, 2011a; Yang et al., 2005). The main
difference between these two models is the treatment of the vugs.
In the triple-porosity model, vugs are considered as a single sys-
tem. In this work, we will use the dual-porosity model.

To use the dual-porosity model to study the behavior of natu-
rally fractured reservoirs, it is required that matrix, fracture, and
vug porosities be partitioned into primary and secondary poros-
ities. In this work, the connected vugs are treated as fracture
system, while the rest of the vugs can be treated as isolated vugs
and included in the matrix system. And then, the whole outer
region can be considered as a conventional dual-porosity model
(Barenblatt et al., 1960; Warren and Root, 1963), in which the
fracture system is the flow system and the matrix system is re-
garded as the main source. The corresponding governing equa-
tions based on Darcy's Law are given by:
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where the subscript “c”, “f”, “m” represent the filled cavity, fracture
and matrix system respectively. p; (i=f, m) is pressure, ¢; (i=f, m)
is porosity, G; (i=f, m) is the total compressibility, k; ( i=f, m) is
permeability, y is the viscosity of fluid, and « is the inter-porosity
flow coefficient.

A.3 The initial and boundary conditions

The pressure in the reservoir is uniformly distributed at the
initial state:

p(rt=0)=p, (i=cf m) A7)

Two types of outer boundary conditions are expressed as:

pf‘ =p, constant pressure boundary
r=re

0

% =0 closed boundary

r=Te (AS)

Considering the high-velocity non-Darcy flow, the inner
boundary condition with the wellbore storage effect is slightly
different from the conventional one. It is given as:

0 d
—2ﬂk°h(r6N£) - C% =qB
H or r=ry t (A.9)

where h is formation thickness, C is the wellbore storage coeffi-
cient, B is formation volume factor, q is flow rate at wellhead, and
Dpw is the bottom hole pressure. Considering the skin effect, the
wellbore pressure, p,, can be expressed as:

ap,
P, = (pc - srﬁNa—;)

r=ry (A.10)

where s is skin factor.

Furthermore, the interface continuity conditions are imposed
at r=r. in order to couple the inner and outer regions, which is
given as:

pc:pf
sl ko, atr=r.

Nyo  uor (A11)

Based on the dimensionless definitions shown in Table 1, the
radial Barree-Conway model Eq. (A.3) can be rewritten as the
following dimensionless form:

APy _ 14p

dry 6 1p (A12)

According to equations (A.12) and (7), (8) can be obtained.

Appendix B
B.1 Finite difference numerical scheme

The numerical scheme is developed in this section. Geometric
sequence grids is used, and the radial coordinate is transformed
into a rectangular system by using rp=e€"*. Then the mathematical
well testing model is discretized by using the central difference
scheme.
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(2) Non-Darcy region: i =2,3,...,m
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and m is the maximum number of grids in non-Darcy region,
Ax;=Inrp/m is the uniform grid length of non-Darcy region,
and At is time step.
(3) Coupling interface boundary: i =m + 1

_@ﬁlpnﬂ 5! | = it g
AX] D i-1 AXl AXZ cD i sz fD i+1 (B.3)
(4) Darcy region: i=m+2,m+3,....,m+1
The fracture system:
1 1 1
P i1~ (2 + Ei+ B)pg’y + i = — EPpy ¢ — Fibpp (B4
The matrix system:
n+1 AAt n+1 1-w n
. - — s+ .
P41 = T2, 3 7a0 0 T T 2 g aartmo i (B.5)
where

E— mAXzZeZ[mAxﬁ(i—m—l)sz—s]
i =

At
F=(1-0)(1 - o+ 24t)axgedl max+(i-m-1o-s]

and [ is the maximum number of grids in the Darcy region;
Ax;=(Inrep-Inrep)/l is the uniform grid length of Darcy region

(5) Outer boundary: i=m+1+1

n+1 n+l _ 0

Py =Pmp i for constant pressure boundary
2pit = (2 + E;+ F)pjyy} for closed boundary
=-Epp ;i — Fbp (B.6)

The solving process for the above non-linear system is illu-
strated in Fig. B.1.

B.2 Analytical solution of a simplified model

In order to obtain this analytical solution, the Barree-Conway
non-Darcy flow model used in the interior region will be reduced
to Darcy flow model. As mentioned above, Darcy's equation is a
limiting case of the Barree-Conway model, when k;,,=0 and 7—
00, as saw in Section A.1. Applying Laplace transformation to (Eqs
(1)-6) and considering infinite boundary condition, we can get the
Laplace space solution of the mathematical model, as follows:

Py = Aiko(1o/Z7) + Biol 10217 Py, = BaKol 10/2f(2) )f(2)
B o(1-w)z+2
S (1-wz+2 (B.7)

where z is the Laplace variable; Ip and K, are O-order Bessel
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Fig. B.1. Solution flow scheme.
functions; A4, B; and B, are undetermined coefficients, which can

be obtained by the following boundary conditions.
(1) Inner boundary condition (rp=1):

dﬁcD _ CDZ2 = 1 _
dry, Cy’s+z P C%s+z (B.8)
(2) Coupling interface conditions (rp=rcp):
ﬁcD = ﬁfD
dﬁc[) _ dﬁf[)' Ip=Tp
dry drp (B.9)

Substituting equation (B.7) to equations (B.8) and (B.9), we can
get:

a~l1 alz 0 Al fl

ay Gy s Bi[=|o0

(31 03y O33 B, 0 (B.10)
where

2
a4 = ,/Znyll(, /Zr]y) - CDZ#':—Z[O(\/ZW) 012
Cp2?
=— Jzyr Ky Jzny ) - WKO(\/Z’W)UH = Io(Tep 2’77)

ayy = Ko(1epyzny) Oy = - I(O( To2f(2) )a31
= Jzny ll(rcD Z’W) a3, = — Jzny Kl(rcD Z’W)aaz

=y zf(z)I(1(rcDsz(—z)) f = 1

stz (B.11)

Then the coefficients A;, B; and B, will be obtained by solving
equation (B.10). Further, the bottom hole pressure p,p can be
calculated by:

Pup =A][IO(W) = syznrly(yznr) ]

+ B Ko( V) + s/znr Kz )| (B.12)
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