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Abstract Carbonate reservoir is one of the important
reservoirs in the world. Because of the characteristics of
carbonate reservoir, horizontal well has become a key
technology for efficiently developing carbonate reservoir.
Establishing corresponding mathematical models and ana-
lyzing transient pressure behaviors of this type of well-
reservoir configuration can provide a better understanding
of fluid flow patterns in formation as well as estimations of
important parameters. A mathematical model for a oil-
water two-phase flow horizontal well in triple media car-
bonate reservoir by conceptualizing vugs as spherical
shapes are presented in this article. A semi-analytical
solution is obtained in the Laplace domain using source
function theory, Laplace transformation, and superposition
principle. Analysis of transient pressure responses indicates
that seven characteristic flow periods of horizontal well in
triple media carbonate reservoir can be identified. Para-
metric analysis shows that water saturation of matrix, vug
and fracture system, horizontal section length, and hori-
zontal well position can significantly influence the transient
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pressure responses of horizontal well in triple media car-
bonate reservoir. The model presented in this article can be
applied to obtain important parameters pertinent to reser-
voir by type curve matching.

Keywords Oil-water two-phase flow - Horizontal well -
Mathematical model - Transient pressure analysis - Triple

media carbonate reservoir

List of symbols

O Shape factor between matrix
system and fracture system, 1/m?

B, Oil volume factor, dimensionless

B,, Water volume factor,
dimensionless

cy Compressibility of vug system,
1/Pa

Clo Compressibility of oil, 1/Pa

CLw Compressibility of water, 1/Pa

Cmt Total compressibility of oil-water
two-phase flow in matrix system,
1/Pa

Cft Total compressibility of oil-water
two-phase flow in fracture system,
1/Pa

Cyt Total compressibility of oil-water
two-phase flow in vug system,
1/Pa

fw Water cut of well, dimensionless

¢ Porosity, dimensionless

Ko(x) Modified Bessel function of
second kind, zero order

k Permeability, m?

kn Horizontal permeability of fracture
system, m’
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Subscripts

D Dimensionless
Matrix
Fracture

Vug

< =3
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Vertical permeability of fracture
system, m2

Oil relative permeability of
fracture system, dimensionless
Water relative permeability of
fracture system, dimensionless
Oil relative permeability of matrix
system, dimensionless

Water relative permeability of
matrix system, dimensionless

Oil relative permeability of vug
system, dimensionless

Water relative permeability of vug
system, dimensionless

Formation thickness, m

Laplace transformation variable
Oil viscosity, Pa-s

Water viscosity, Pa-s

Capacitance coefficient,
dimensionless

Initial pressure of reservoir, Pa
Oil production rate of fractured
vertical well, m>/s

Outflow oil volume in unit time
from the unit volume vug, m>/
(m’s)

Outflow water volume in unit time
from the unit volume vug, m>/
(m’s)

Dimensionless

Dimensionless
Dimensionless
Dimensionless

Radius of well, m

Radius of vug, m

Oil saturation of fracture,
dimensionless

Water saturation of fracture,
dimensionless

Oil saturation of vug,
dimensionless

Water saturation of vug,
dimensionless

Half-length of the fracture, m

Superscripts
— Laplace transform

Introduction

Carbonate reservoirs have complex structures, and chal-
lenged research community, such as petroleum engineers,
geologists, fluid mechanics, and water resource researches
(Gua and Chalaturnyk 2010; Jazayeri Noushabadi et al.
2011; Popov et al. 2009). Each reservoir is composed of
different combinations of matrix, fracture, and vug sys-
tems, and thus, it has various properties of porosity, per-
meability, and fluid transport behavior. The flow problem
of fluids through a reservoir is a complicated inverse
problem. Therefore, a task for researchers is to establish
various test models for the industry to evaluate the prop-
erties of these reservoirs.

The flow problem for vertical well production in car-
bonate reservoirs is well known. Bourdet and Gringarten
(1980) used type curve analysis to analyze fissure volume
and block size in fractured reservoirs. Camacho-Veldzquez
et al. (2005) studied an oil transient flow modeling in
naturally fractured-vuggy reservoirs and analyzed its
pressure transient behaviors. Corbett et al. (2010) studied
the numerical well test modeling of fractured carbonate
reservoirs, and discovered that numerical well testing has
its limitations. Izadi and Yildiz (2007) examined transient
flow in discretely fractured porous media, and Jalali and
Ershaghi (1987) investigated pressure transient analysis of
heterogeneous naturally fractured reservoirs. In addition,
Leveinen (2000) established a composite model with
fractional flow for well test analysis in fractured reservoirs,
Wu et al. (2004, 2007, 2011) investigated a triple-contin-
uum pressure transient model for a naturally fractured-
vuggy reservoir, and Pulido et al. (2006) established a well-
test pressure theory of analysis for naturally fractured
reservoirs, considering transient interporosity matrix, micro
fractures, vugs, and fractures flow, Cai and Jia (2007)
investigated dynamic analysis for pressure in limit con-
ductivity vertical fracture wells of triple-porosity reservoir,
Nie et al. (2011, 2012) investigated a flow model for triple-
porosity carbonate reservoirs by conceptualizing vugs as
spherical shapes, Wang et al. (2013) studied pressure
transient analysis of horizontal wells with positive/negative
skin in triple-porosity reservoirs, Jiang et al. (2014) studied
rate transient analysis for multistage fractured horizontal
well in tight oil reservoirs considering stimulated reservoir
volume, Su et al. (2015) investigated performance analysis
of a composite dual-porosity model in multi-scale fractured
shale reservoir, Zhang et al. (2015a, b) investigated triple-
continuum modeling of shale gas reservoirs considering the
effect of kerogen, Guo et al. (2015) investigated transient
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pressure behavior for a horizontal well with multiple finite-
conductivity fractures in tight reservoirs, Zhang et al.
(2015a, b) studied the production performance of multi-
stage fractured horizontal well in shale gas reservoir, Wu
et al. (2016) investigated a practical method for production
data analysis from multistage fractured horizontal wells in
shale gas reservoirs, Wei et al. (2016) studied pressure
transient analysis for finite-conductivity multi-staged frac-
tured horizontal well in fractured-vug carbonate reservoirs,
Wu et al. (2017) investigated numerical analysis for pro-
moting uniform development of simultaneous multiple-
fracture propagation in horizontal wells, Ma and Liu
(2016), and Ma et al. (2017) studied the oil production
using the novel multivariate nonlinear model based on
Arps decline model and kernel method, and Wang and Yi
(2017) investigated transient pressure behavior of a frac-
tured vertical well with a finite-conductivity fracture in
triple media carbonate reservoir.

However, to the best of our knowledge, little has been
done on modeling the nonlinear oil-water two-phase flow
behavior for a horizontal well in triple media carbonate
reservoir by conceptualizing vugs as spherical shapes. The
main purpose of this article is to study the nonlinear oil—
water two-phase flow behavior for a horizontal well in
triple media carbonate reservoir.

The outline of this article is as follows. In Sect. 2, a
physical model is introduced, which is of horizontal well in
triple media carbonate reservoir by conceptualizing vugs as
spherical shapes. In Sect. 3, some key source functions are
obtained. In Sect. 4, a mathematic model is developed,
which is of the horizontal well in triple media carbonate
reservoir. In Sect. 5, we selected a set of the oil and water
relative permeability for the matrix, fracture, and vug
systems, respectively, which can provide the necessary
base data for the theoretical analysis and calculation of oil-
water two-phase well test. In Sect. 6, pressure behavior
analyses are done. Section 7 gives some conclusions.

Physical model of a horizontal well in triple media
carbonate reservoir

The practical reservoir may be triple media for most car-
bonate reservoirs, and the fractured-vuggy triple media
reservoir scheme and its flow scheme are shown in Figs. 1
and 2.

Physical model assumptions are as follows:

1. A horizontal well production at constant rate in
fractured-vuggy triple media reservoir, and the upper
and lower boundaries of the reservoir are both closed,
while the external boundary of the reservoir is infinite.

Matrix subsystem
(arbitrary shape matrix block)

]

2

©

:c; {————= Natural fracture subsystem
N

: H

T

Vug subsystem

&

Spherical vugs

Fig. 1 Triple media carbonate reservoir flow scheme

o

Top impermeable
y
boundary x

Lp/2 z Zy Horizontal well

Bottom impermeable
boundary
Fig. 2 Schematic of a horizontal well in triple media carbonate
reservoir

2. Oil-water two-phase flow with constant oil and water
saturation at a certain moment in the early production
period.

3. The shape of all the vugs is spherical, the radius of the
vugs is equal and equals to r, the distribution of
pressure in the vug is spherically symmetric, and the
shape of matrix block is arbitrary; both vug and matrix
connect individually to fractures.

4. The fracture subsystem is the main flow pathway, and
the interporosity flow between matrix and vug subsys-
tems is ignored; the interporosity flow manner of
matrix to fracture is pseudo-steady, and the interporos-
ity flow manner of vug to fracture is unsteady.

5. Total compressibility is a constant.

6. Fluid flow in reservoir is isothermal and Darcy flow,
and the gravity and capillary effect are ignored.

7. At the initial time, pressure is uniformly distributed in
reservoir, equals to the initial pressure p;.

@ Springer
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Basic solutions of governing flow equations
in triple media carbonate reservoir

The governing equations in triple media carbonate
reservoir

By Darcy’s law, the oil flow velocity at spherical surface of
vug is

_ kyvkyro %
o \Ory

The water flow velocity at spherical surface of vug is
_ kvkvrw (%) (2)
Hyy ory

Because the outflow oil and water volume in unit time
from the unit volume vug is gy, and gy, the velocity at the
spherical surface equals the result that the surface area of a
spherical vug divides the outflow volume of fluid from a
vug in unit time, that is

1

(1)

Vo =

h=ri

Vw =

rn=ri

Vo = §VICIV0 (3)
and

1
Yy = grl Gw- 4)

Combining Egs. (1)—(4), the connecting condition of
interporosity flow between vug and fracture can be
obtained from the following equation:

3 kykvro (51%)
o = — =
r Au() arv

3 kku (apv>
rof, \On
where 7 is the radius of vug; v, is the oil flow velocity, m/
s; v, is the water flow velocity, m/s; ¢y, is the outflow oil
volume in unit time from the unit volume vug, m’ /(m3-s);
qvw 1s the outflow water volume in unit time from the unit

volume vug, m3/(m3's).
The oil flow governing differential equations of vug
system in radial spherical coordinate system is as follows:

(5)

r=ri

: (6)

ry=ri

gvw =

kkyeo 0y Kvkuro 2 Bpy
Ho Ory W

apy
ot

=Sy, cn0o— (0<r,<ry).

(7)

The water flow governing differential equations of vug
system in radial spherical coordinate system is as follows:

r, or,

@ Springer

okyrw 02py kkyrw 2 Opy
m, Ory o,

9y
ot

= Svw®,Cutw (0<r,<ry).

(3)

r, or,

Combining Egs. (7) and (8), we have

le’O VIwW a pL le'() VIW 2 apv
ky k,
<H0+ﬂ )@r3+ <un+u )rv’c)rv

7¢Cvt g (0<rv<rl)a (9)

where ¢yt = ¢, + SyoCLo + SvwCLw 1S the compressibility of
oil-water two-phase flow in vug system, 1/Pa.
Initial conditions:

Pvli=0 = pi- (10)
At the center point of vugs:
py
=0. 11
., (11)

At the spherical surface of vugs, the vugs pressure is
equal to the fracture pressure:

(12)

The oil flow governing differential equation of fracture
system in Cartesian coordinate system is as follows:

g kfhkfroaﬂ +g kfhkfro% +g kkafro%
ox \ p, Ox oy \ u, Oy 0z \ W, Oz

km kmro

pv(rva t)|ru:r1 = pPr-

+ oy

9
( m _pf) + qvo = Sfo(;bfcftog

0 (13)

The water flow governing differential equation of frac-
ture system in Cartesian coordinate system is as follows:

g kﬂ‘lkfrw% +g kfhkfrw% +g kkafrw%
o\ m, Oox/) O\ p, /) 0\ u, 0z

kmkmrw 0
+ oy - ( m — Pf) + Gvw = waﬁbfcftw g
(14)
Combining Eqgs. (13) and (14), we have
ko kfrw azpf kfro Krw azpf
ki + k; _—
fh( . > a2 T, T ) R
kfro k’rrw a Pf mro kmrw
+ key ( + ) + Ok +— | Pn—p
0 a 2 MO MI/V ( f)

§
+ Gvo T Gvw = (Sfocfto + wacftw) Qbf g
(15)

The oil flow governing differential equation of matrix
system 1is as follows:
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ko 0pm
Smo mto =0. 16
” (Pm = Pr) + SmoP e T (16)

%m

The water flow governing differential equation of matrix
system is as follows:

Ol km‘l]j:rw (P — Pr) + Smw®Crmtw ag:l =0. (17)
Combining Eqgs. (16) and (17), we have

ki (kzm + k,u—w) (P — Pr) + Pl agtm =0. (18)
Initial condition:

Prli=0 =pmli—0 = pi. (19)
External boundary condition:

rflgrolo pr = p; (infinite). (20)

Cube geometric shape factor (Warren and Root 1963;
Al-Ghamdi and Ershaghi 1996):

oy = 16/L7. (21)

Spherical geometric shape factor (De Swaan 1976;
Rangel-German and Kovscek 2005):

o, =15/ (22)

Interporosity flow factor of vug subsystem to fracture
subsystem is as follows

2
A —avrzk——15 U (23)
" ky ke

Interporosity flow factor of matrix subsystem to fracture
subsystem is as follows:

A 16( )22 (24)

Capacitance coefficient:

(U] = ()bjcjt/((:bfcfl + d)mcml + d)vCVt)? (] :fvma V)' (25)

The dimensionless governing equations in triple
media carbonate reservoir

For simplification, the mathematical model is derived and
solved in dimensionless form. Table 1 lists some dimen-
sionless variables used in the mathematical model presented
in this article. The dimensionless models are as follows:

The governing differential equations of vug system in
radial spherical coordinate system are as follows:

2 ava _ 15w, ava
rvp Oryp N 34, Otp

azp vD
orp

(0O<rp<l), (26)

Table 1 Definitions of dimensionless variables

pip = 2nkeh(p: — p;)/

Dimensionless pressure

(gseBotty)s (G =Ff,m,v)
Dimensionless radius of fracture system rp =15 /"y
Dimensionless radius of vug system rp =1,/
Dimensionless wellbore storage Cp = C/[2mhrl (dcp
coefficient + ¢ Cmr + DyCur)]

Dimensionless time o = kmkgrot / 1,7 ﬁ:((bfcﬂ

+¢ Cmt + ¢vcvl)]

Dimensionless horizontal section Lip = L'
length in a horizontal well
Dimensionless formation thickness hp = \/E
T Vo

Dimensionless horizontal well position ko

—
WD = A Ty

J— Au() le’O k\frw
Initial condltlons:

Plin=0 = 0. (27)

At the center point of vugs:

6va
6er

=0. (28)

ryp=0

At the spherical surface of vugs, the vugs’ pressure is
equal to the fracture pressure:

o (IvDs 1) |rp=1 = Prp- (29)

The governing differential equations of fracture system
in radial cylindrical system are as follows:

o 20
0, ap2ﬂ> e _ap_fD + 22 (Pud — PiD)
2 rip Orm (30)
o) A (P = apm
5 \oro rp=1 o

where Q; = £ (k“" —|—kﬂ), [0)3 Z&(km—“’+m), and

kiro \ Mo Hy ktro \ Ho o
The matrix system:
Q2P — PD) = O @gt,;;l) : (31)
Initial condition:
pmlm=0 = 0. (32)
External boundary condition:
lim psp = 0 (infinite). (33)

Fp—00

@ Springer
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Laplace transformation of dimensionless governing
equations

Introduce the Laplace transformation based on fp, that is
Llpo(roto)] = polrosi) = [ polrm.to)e dip, (34
0

where pp is the dimensionless pressure in real space; pp is
the dimensionless pressure in Laplace space; tp is the
dimensionless time in real space; u is the Laplace trans-
formation variable.

Now making the Laplace transformation to Egs. (26)-
(33), then they become as follows.

The governing differential equations of vug system in
radial spherical coordinate system are as follows:

15uw, _

Ppp 2 Op,
Pw | = P _ pop (O<rp<l).

5 =
Ger vD aer Q3)vv

(35)

Initial conditions:
Pypln=0 = 0. (36)
At the center point of vugs:
9Pyp
oryp rp=0

=0. (37)

At the spherical surface of vugs, the vugs’ pressure is
equal to the fracture pressure:

P (1D, 1) |rp=1 = Pp- (38)

The governing differential equations of fracture system
in radial cylindrical system are as follows:

P 2 p
Ql 2 “r Ql va + QZ;m(me )
6 D 6er (39)
-Q v = Do
’s (aer ) Ap=1 HOrPm
The matrix system:
Qz/lm(pr _me) = UWmPpyp - (40)
Initial condition:
ﬁfD|7D:0 =0. (41)
External boundary condition:
lim pgp = O (infinite). (42)
rp—0Q
The general solution of Eq. (35) is as follows:
Pyp = (Ave™" + Bye” ") [ryp (43)
=/ 15uw,/Q34,. (44)

Substitute Eq. (43) into Egs. (36) and (37), we then
obtain

@ Springer

L
T o _ o PD
1

Bv = - o0 _ 6‘70"pr.

(45)

(46)

Then, the solution of Eq. (35) in Laplace space is as
follows:

p eo'»er _ efu'ver

va - o €% —e

(47)

Through the derivative calculation to ryp of Eq. (47), we
have

dp _

- = [oycth(a,) — 1]pp, (48)
der -
where  hyperbolic  cotangent  function  cth(s,) =
(e &™) /(e — e ).

Substitute Egs. (40) and (48) into Eq. (39), the govern-
ing equation of fracture system in radial spherical coordi-
nate system is as follows:

pw | 2 P
— D, 4
a”%]) D @rﬂ) f(l/l)pr ( 9)
Qz UD A Q3 Ay uwf
f(u) Ql UW,, + QoA 5 [UVCth(O-v) B 1] (o}
(50)

Point-source function in triple media carbonate
reservoir

The boundary condition at the surface of a vanishingly
small sphere corresponding to the instantaneous with-
drawal of an amount of oil fluid g, and water fluid g,, at
t = 0 can be expressed by the following:

kfro OA

lim 4nrwrmkfﬂ br ] = —B,4,8(1) (51)
07| Orip rm=Cp
and

. K aApf} .

lim |4nr,rik = —B,q,0(t), 52
¢p—0* L D% Hyy 6rfD rm=Ep 4 ( ) ( )
where J(t) is the Dirac Delta function.

Combining Egs. (51) and (52), we have
kivo  kew \ OApy

lim [4nrwrkaf( LU > i]
¢p—0* Ko Hyy arfD ro=¢p

= _(Boéo + BW‘;w)é(t)' (53)

Because it assumes that only natural fracturing systems
in the carbonate reservoir are connected to the wellbore,
the water cut of well can be expressed by the following:
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9w
fo=——. 54
9o T 4w 54
Substitute Egs. (54) into Eq. (53), we get
kekiro OAps Q0B,q,0(t
lim |47r,rf, /7o pf] —M7 (55)
ép—0t 0 arfD ro=Ep [0}

where Q) =1+ 3 <“f”f and Q| = ]5:0 ’:"’ + k“;;)

Taking Laplace transformatlon for + with Eq. (55) and
setting the source strength to unity, and then combining
with Eq. (49), the instantaneous point-source solution can
be obtained (Raghavan 1993; Ozkan and Raghavan 1992).
Using the image-well technique and the superposition
method, the continuous point-source solution in laterally
infinite triple media carbonate reservoir with impermeable
top and bottom boundaries in Laplace domain is given as
follows:

_ Q0q,B, 1t
Ap, = —oZolo g (rn/
Pf 27‘chkfkfmrwuhD[ o(rm v/f (u))

e / 2.2
+2;Ko (VfD fu) +%> cosnn;—zcos nn%} ,

(56)

where Ky(x) is the modified Bessel function of second
kind, zero order.

Flow model of horizontal well in triple media
carbonate reservoir

According to the superposition principle, we can get the
pressure response in triple media carbonate reservoir
caused by horizontal well by integrating the point-source
solution obtained in the previous section along the hori-
zontal well, that is

_ Q0GBop /L"/2
Ap, = — —095oko [K V/
P = 2 Qukskiortths )y, 2 o(ro v/ (u))

0 / 2,2
+2 ;Ke (rﬂ) fu) Jr%) cos nn;—Zcos nnz;:;)l dx,,,

(57)

where Qo—1+3(] e lelf:(’ij—+lz—w) and

rp = \/ XD —XwD (YD —)’wD) .
For a horizontal well, the assumption of constant flow
rate can yield the following equation:

qsc = QL;,. (58)

Combining Egs. (57) and (58), we have

— Qo%cBoll /Lh/z
Ap, = — 070 K, £/ .
p'f ZankfkfmrwuhDLh —L/2 0 (rfD f(u))

/ 2.2
+22Ko (rﬂ) ) + ”h;f ) cos nnZ—DDcos nn Z;:}j dx,,.

(59)

Substitute  rp = \/ (xp — wa)2 + (p — wa)2 into
Eq. (59) and together with y,p = 0, then we can get the
dimensionless as follows:

Q Lip/2
N Kol o
D quLhD/ [ o(y/ (*p — xwp) +)’D\/

LhD/2
= > n?m?
+22K0 (xp —xwp)” + 5 f(u)'*‘ﬁ
n=1
X COS NT D COSnm ZWD} dxyp.
D D

(60)

According to Ozkan’s conclusion (Ozkan 1988), the
equivalent pressure point for the horizontal well bottom
pressure in the top-bottomed reservoir is as follows:

0.732Lyp
2

Xp =

ywo=0 (61)

Zp =2Zwp + 1
Substitute Eq. (61) into Eq. (60), we can get the bottom

hole pressure of the horizontal well in triple media car-
bonate reservoir:

- Q /Lm/2 [ ( 0.732Lip )
wD = —~ K — — Xw u
PD =000 L —Lin/2 ‘ 2 o| v (¥)
e 0.732Lip n2n?
”2’“(\7"“@ T+

iwD + 1 iwD
X COS NT cos nm— | dxyp.
hp hp

(62)
Following Van-Everdingen (1953) and Kucuk and

Ayestaran (1985), the wellbore storage (Cp) and skin (S)
can be incorporated in the above solution by the following:

_ upip + S

= , 63
PP ™+ Cor (upip + ) o
where the dimensionless pressure solution p” ~ at the bot-

tom hole of a horizontal well without considering the
wellbore storage and skin can be obtained from the solution
of Eq. (62).

@ Springer
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With the numerical inversion algorithm proposed by
Stehfest (1970), we can get the real dimensionless bottom
hole pressure of the horizontal well, pyp, in real-time space
with consideration the wellbore storage and skin in the
triple media carbonate reservoir. Subsequently, the tran-
sient pressure behavior of a horizontal well will be ana-
lyzed, and the type curves will also be shown.

Qil and water relative permeability of triple media
carbonate reservoir

According to the research results of the oil and water rel-
ative permeability for the matrix, fracture, and vug systems
of the triple media carbonate reservoir (Lian et al.
2011, 2013), we selected a set of the oil and water relative
permeability for the matrix, fracture, and vug systems,
respectively, which can provide the necessary base data for
the theoretical analysis and calculation of oil-water two-
phase well test. The detailed data are shown in Tables 2, 3,
4 and Figs. 3, 4, 5. The field measured oil and water

Table 2 Oil and water relative

permeability of matrix system Sy Konrw Koo

(Lian et al. 2011) 20 0 0.4095
25 0.005 0.387
30 0.01 0.32535
35 0.02 0.27
40 0.03 0.2214
45 0.045 0.1764
50 0.06 0.1368
55 0.082 0.10125
60 0.11 0.0693
65 0.143 0.04185
70 0.18 0.0189
75 0.23 0

Table 3 4 Qil and water relative St Ki Kino

permeability of fracture system

(Lian et al. 2011) 0 0 1
10 0.036 0.882
20 0.09 0.819
30 0.189 0.729
40 0.315 0.585
50 0.423 0.468
60 0.54 0.333
70 0.675 0.207
80 0.747 0.099
90 0.819 0.036
100 1 0

@ Springer

Table 4 Oil and water relative

permeability of vug system (Li Svw Kvew Ko
et al. 2013) 0 0 1
0.025 0.95
18 0.05 0.9
28 0.065 0.75
55 0.15 0.45
70 0.38 0.19
78 0.55 0.16
83 0.67 0

relative permeability data should be used when the results
of this article are applied to the field.

Pressure behavior analyses
Flowing periods

Figure 6 shows the whole transient flow process of a hor-
izontal well in triple media carbonate reservoir; it can be
divided into seven flow stages:

Stage I: The pure wellbore storage stage; the pressure
and pressure derivative assume unit slope;

Stage 2: The skin effect stage; the shape of the deriva-
tive curve is just like a ‘hump’ due to the wellbore storage
effect and the skin effect;

Stage 3: Early, or first, radial flow regime (Fig. 7a).
Slope of the pressure derivative curve is zero. Duration of
the regime is very short, because formation thickness is
usually less than 100 m. Radial flow regime will stop when
pressure wave spreads to the closed boundary on top or
bottom. This regime would be hardly observed for a small
thickness.

Stage 4: Linear flow regime (see Fig. 7b). The pressure
derivative curve is a line with a slope of 0.5.

Stage 5: The interporosity flow stage of the vug system
to fracture system; because the permeability of vug is better
than that of the matrix, the interporosity flow of the vug
system to fracture system takes place first, and the pressure
derivative is V-shaped, which is the reflection of the
interporosity flow of vug to fracture;

Stage 6: The interporosity flow stage of the matrix
system to fracture system; the interporosity flow of the vug
system to fracture system has already been completed, and
in this stage, the manner of pseudo-steady interporosity
flow of matrix system to fracture system takes place;

Stage 7: The whole radial flow stage of fracture system,
vug system, and matrix system (see Fig. 7c); the inter-
porosity flow of matrix to fracture has already been com-
pleted, and the pressures between matrix and vug and
fracture have come up to a state of dynamic balance.
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Fig. 6 Dimensionless pressure and pressure derivative responses of a
horizontal well in triple media carbonate reservoir

Effect of water saturation of matrix system

Figure 8 shows the effect of water saturation of matrix
system on pressure and pressure derivative of a horizontal
well in triple media carbonate reservoir. It can be seen that
the parameter S, represents the starting time of inter-
porosity flow of matrix subsystem to fracture subsystem;
the time of interporosity will be earlier if the parameter
Smw 18 smaller, since the flow resistance of oil phase in the
matrix is also smaller.

Effect of water saturation of vug system

Figure 9 shows the effect of water saturation of vug system on
pressure and pressure derivative of a horizontal well in triple

Fig. 7 a Early radial flow.
b Linear flow. ¢ Late pseudo-
radial flow /1
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Fig. 8 Effect of water saturation of matrix system on pressure
transient responses

media carbonate reservoir. It can be seen that the parameter
Syw represents the starting time of interporosity flow of vug
subsystem to fracture subsystem; the time of interporosity
will be earlier if the parameter S,,, is smaller, since the flow
resistance of oil phase in the matrix is also smaller.

Effect of water saturation of fracture system

Figure 10 shows the effect of water saturation of fracture
system on pressure and pressure derivative of a horizontal
well in triple media carbonate reservoir. Figure 1 indicates
that only the fracture system supplies fluid to the wellbore
in the model of this article. Hence, the pressure and pres-
sure derivative will be smaller if the parameter Sp, is
smaller, since the flow resistance of oil phase in the frac-
ture is also smaller.

e e

(b)

Horizontal well
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Fig. 9 Effect of water saturation of vug system on pressure transient
responses
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Fig. 10 Effect of water saturation of fracture system on pressure
transient responses

Effect of horizontal section length in a horizontal
well

Figure 11 shows the effect of horizontal section length in a
horizontal well on pressure and pressure derivative of a
horizontal well in triple media carbonate reservoir. It can
be seen that the pressure and pressure derivative of the
early radial flow and the linear flow stage will be smaller if
the horizontal section length in a horizontal well is longer.

Effect of horizontal well position

Figure 12 shows the effect of horizontal well position on
pressure and pressure derivative of a horizontal well in
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Fig. 11 Effect of horizontal section length in a horizontal well on
pressure transient responses
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Fig. 12 Effect of horizontal section length in a horizontal well on
pressure transient responses

triple media carbonate reservoir. It can be seen that the
pressure and pressure derivative of the early radial flow and
the linear flow stage will be smaller if the horizontal well
position is closer to the middle of the reservoir.

Conclusions

The main purpose of this work is to provide a mathe-
matical model to analyze oil-water two-phase flow
transient pressure for a horizontal well in triple media
carbonate reservoir. The following conclusions can be
obtained
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1. A solution is obtained in the Laplace space. With the
Stehfest numerical inversion algorithm, transient pres-
sure in the real-time space can be obtained.

2. Seven flow periods can be identified for a horizontal
well in triple media carbonate reservoir.

3. Parametric analysis indicates that parameters pertinent
to horizontal well, such as water saturation of matrix,
vug, and fracture system, horizontal section length, and
horizontal well position, have obvious influence on
dimensionless pressure and pressure derivative curves
of a horizontal well in triple media carbonate reservoir.

4. The model can be applied to interpret actual transient
pressure responses for horizontal well in triple media
carbonate reservoir.

5. Comparing the method of this paper with the well-
known commercial software Saphir (Ecrin v4.12.03),
developed by the French company Kappa, we can see
that the software Saphir did not contain the oil-water
two-phase well test model of triple media carbonate
reservoir; hence, our model is new, and our method
improved the current well test interpretation theory.
The method of this paper may be used if the sort of
field well test data is like Fig. 6.
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