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Abstract

Deliverability evaluation plays an important role in the reservoir exploitation. In this study,
a new seven-region semi-analytical mathematical model considering the influences of fractal,
imbibition and non-Darcy flow is proposed to evaluate the deliverability of multiply-fractured
horizontal wells in tight oil reservoirs. The Laplace transformation, perturbation method and
Stehfest numerical inversion are employed to solve the model. The reliability and accuracy of
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the analytical solution are verified by the field example. The sensitivity analysis of the major
influencing factors on the deliverability is specifically analyzed. The numerical results indicate
that the seven-region semi-analytical model can better explain the heterogeneity of fracture
network, and its solution can provide an effective algorithm for the deliverability evaluation.
It is found that the fractal plays a predominant influence on the productivity of tight oil
reservoirs. The larger the fractal dimension and the smaller the fractal index, the higher the
accumulative production rate. The imbibition also has an important effect on the deliverability
of tight oil reservoirs. As the rising of wetting angle, both daily and accumulative production
rates can obviously decrease. The imbibition has a positive impact on the production rate in
the water-wet formations, while it has a negative impact on the production rate in the oil-wet
formations. Compared with the fractal and imbibition, the threshold pressure gradient has less
influence on the production of tight oil reservoirs. There exists a negative correlation between
the threshold pressure gradient and the production performance. This work provides a new
approach to understand the fractal tight oil reservoirs, which is of great significance for the
deliverability evaluation.

Keywords: Tight Oil Reservoir; Deliverability Evaluation; Fractal; Imbibition; Non-Darcy Flow.

The technology of multiply-fractured horizontal
wells (MFHW) is widely used in petroleum research
due to its economic viability and high efficiency
for the unconventional resources. In general, multi-
staged hydraulic fracturing not only produces frac-
tures with high conductivity, but also communicates
with natural fractures, resulting in complex sec-
ondary fractures and fracture network which greatly
improves the reservoir permeability T The tight oil
reservoir with complex and heterogeneous fracture
network is formed by the hydraulic-induced frac-
tures and the activated natural fractures around the
horizontal wells. However, many mechanisms of the
fluid flow are still not clear, such as the relation-
ship of the complex flow interplay among matrix,
natural fractures, hydraulic fractures and horizon-
tal wellbores, which makes the production behav-
ior and pressure-transient flow by analytical models
much more complicated &

Numerical models are widely applied in the flow
simulation of volume-fractured horizontal wells, of
which the analytical/semi-analytical models are
mainly linear flow models®8 Even though the
numerical models were developed to analyze the
unconventional reservoirs, it can be constrained by
computer calculation ability and the uncertainty
evaluation process is time-consuming. Thus, various
analytical oil flow models of MFHW were developed
based on the classical trilinear-flow model 2 in which
the fluid flow process can be divided into three dif-
ferent continuous regions: the outer reservoir, the

inner reservoir between hydraulic fractures, and
the hydraulic fracture zone with finite conductiv-
ity. After that, an enhanced fractured trilinear-flow
model assuming all the fractures with the same
length and conductivity was proposed, whose dif-
ference from the classical model was the reser-
voir structure 1% Recently, a five-region multi-linear
seepage model of fractured horizontal well in a
closed homogeneous layer is established™ which
subdivides the reservoir into five regions and can
be used for more complex homogeneous reservoirs.

An optimized work of five-linear-region semi-
analytical model for production performance anal-
ysis of MFHW in tight oil reservoirs was proposed
by Ji et al.'2 where the influence of non-Darcy flow
in the unstimulated reservoir volume (USRV) and
the stress sensitivity without imbibition were con-
sidered. The stimulated reservoir volume (SRV) in
this model was an idealized dual-porous medium
area, which was subdivided into two areas (SRV and
partial SRV) and good forecasting reservoirs pro-
ductivity was obtained. Yuan et al™ established a
seven-region multi-linear flow model to study the
interplay between flowing pressure and production
rate for horizontal wells in tight gas reservoirs,
which was proved to be more realistic and possess
practical application than the trilinear-flow model
after considering the effects of fracture intensity,
threshold pressure gradient, compaction and size of
SRV on accumulative productivity. Though the flow
models mentioned above were sufficient to describe
some key features of flow convergence towards the
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fractured horizontal wells, they could not consider
the heterogeneity of the SRV region and non-
continuum flows because they cannot provide suffi-
cient details of complex fracture network structure
and fluid flow characteristics in tight oil reservoirs.

Fractal geometry is found to be a better method
to describe those discontinuous, abrupt and rough
complex objects™15 To date, fractal theory has
been successfully applied to productivity evaluation
and pressure analysis of oil and gas reservoirs, which
presents a good method to further describe the
heterogeneity of actual complex fracture networks.
Katz and Thompson™® used optical data to demon-
strate the pore spaces of sandstone were fractal
geometries and were high self-similarity in length.
Chang and Yortsos'? analyzed pressure-transient
response in a fractal reservoir under the condi-
tion of matrix participation or both the fracture
network and matrix, which gave a unified descrip-
tion for the single and dual-porosity system. Their
result could be used to identify and model naturally
fractured reservoirs with multiple property scales.
After that, a synthetic network of fractures with
fractal characteristics was numerically constructed,
which suggested that there existed a power law in
the mass-radius relationship around the test well
location™ Cossio et al™ first applied the frac-
tal theory to obtain semi-analytical fractal-fracture
solution for the classic trilinear model in a homo-
geneous infinite-acting reservoir. In addition, some
researchers established analytical models for verti-
cally fractured wells with dual-porosity models to
simulate the flow in the SRV 2% Though these stud-
ies were focused on the complex network with het-
erogeneity, all of them ignored imbibition effect on
fractured reservoir exploitation performances and
needed to be further improved 2128

In this work, the fractal permeability and frac-
tal porosity are introduced to characterize the
heterogeneity of fracture parameters in the USR,
and the influence of non-Darcy flow is consid-
ered in the USRV for its ultra-low permeability.
Furthermore, the imbibition effect on the frac-
tured reservoir exploitation performances is also
taken into account. We propose a new seven-region
semi-analytical mathematical model in a fractal
oil reservoir to explore the influence law of the
heterogeneous fracture parameters on the produc-
tivity of MFHW. This work will provide a novel
way to understand the fractal tight oil reservoirs,

A New Seven-Region Flow Model for Deliverability Evaluation

which is of great significance for the deliverability
evaluation.

2. MODEL CONSTRUCTION

2.1. Physical Model and
Assumptions

Large-scale hydraulic fracturing can create sec-
ondary fractures along with primary fractures in
tight oil reservoir and forms complex fracture
networks. To characterize the heterogeneity of frac-
tured reservoir and the complexity of fracture net-
work, the fractal permeability and fractal poros-
ity are introduced. A productivity model for the
MFHW based on the fractal, imbibition and thresh-
old pressure gradient is established to explore the
effects of fractal, imbibition and non-Darcy flow on
the productivity of horizontal well. The reservoir is
subdivided into seven continuous regions, as illus-
trated in Fig. [l (1) Fracture region (Region 1):
Fluid permeability is high and no threshold pressure
gradient is considered; one-dimensional fluid lin-
ear flow along with fracture orientation is assumed,
and the skin and wellbore storage effects are con-
sidered. (2) Deformable double media imbibition
region (Region 2): In the existing fractures and
matrix, the fracturing fluid sweeps into the region
and there exist both imbibition and cross-flow in
this zone. Assuming one-dimensional fluid linear
flow, the fractal dimension and capillary pressure
are incorporated. (3) Double fracture network area
(Region 3): It is the secondary fracture area of
the SRV. We assume one-dimensional linear flow
in the z-direction, and consider non-Darcy flow,
fractal dimension and anomalous diffusion coeffi-
cient to describe the seepage characteristics in the
complex fracture network. (4) Regions 4-7 are the
USRV with low permeability, where threshold pres-
sure gradient exists to describe the non-Darcy flow
in the areas.

The following basic techniques are applied to
describe the complex tight oil reservoir.

Fractal theory: Fractal theory is used to describe
the porosity and permeability of complex fracture
network. Strong heterogeneity of fracture is exhib-
ited in various natural fractures caused by the
impact of reservoir rock mechanical parameters.

2340173-3
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Flow features:
[ Linear flow in hydraulic fracture region
[ Linear flow considering imbibition & fractal effects

[ Linear flow considering fractal effect
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[ Non-Darcy flow in region 4 Wellbore
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-Non-Darcy flow in region 6
[ INon-Darcy flow in region 7

Fig. 1 Physical model of MFHW in tight oil fractal reservoirs.

Therefore, it is impossible for fractures to com-
pletely communicate with artificial fractures in the
reservoir stimulated area. The power-law functions
are applied for the fractal permeability and poros-
ity to derive the fractal fracture diffusivity equation.
As for the fracture system, the permeability k; and
porosity ¢ are given a

kp = kpu(y/yw)Pr 270,

br = bruw(y/yw)? 2,

where y,, is a side length of a region where fracture
porosity is ¢ r,, and permeability kf,; Dy and 0 are
the fractal dimension and fractal index in the frac-
ture system, respectively. Similarly, for the matrix
system, the fractal permeability k,, and porosity ¢,,
are defined as

(1)

km = kmw (y/yw)Dm_Q_em

G = d)mw(y/yw)Dm_za

where D,, and 6,, are the fractal dimension and
fractal index in the matrix system. These four

9

(2)

parameters characterize the porosity and perme-
ability fractal properties of the matrix and fracture
system.

Capillary pressure: From the microscopic point of
view, the fluid flow in the reservoir is the fluid flow
in single-phase and multi-phase capillary bundles.
Thus, not only Darcy’s theorem but also the capil-
lary pressure should be considered. The capillary
pressure is high in the matrix in tight oil reser-
voir with high heterogeneity, while in fractures or
wellbore it is negligible. In this work, the capillary
pressure term is added into the inter-porosity term
of dual-porosity reservoir to characterize imbibition
effect. For tortuous capillaries with variably shaped
apertures, the capillary pressure p. is a function of
saturation S,,p, wettability angle 3 and interfacial
tension o, which can be expressed by

pe = ASffDacosﬁ\/%, (3)

where both A and B are the regression coeffi-
cients 2829
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Non-Darcy flow: To consider the non-Darcy flow in
the USRV, the Pseudo-TPG method is used, which

is defined by12:0

6k
kG, @), vpsa,
v = v (4)

0, Vp <G,

where G is the Pseudo-TPG. Fluid flow in the model
is treated as a combination of seven flows within
contiguous regions.

Due to the symmetry of the system, we just need
to build the diffusion equations on one-quarter of
the space between the fractures, and solutions for
each region can be obtained by imposing flux and
pressure continuity across the boundaries between
different adjacent regions. To derive the analytical
model conveniently, the basic assumptions about
this physical model are presented as follows: (1)
The tight oil reservoir is a homogeneous box-shaped
formation, where the upper and lower boundaries
are closed, which means no flow velocity in the
middle of adjacent fractures. (2) The MFHW is
located in the center of the oil reservoir, and the
initial pressure is kept equal in different regions. (3)
Hydraulically primary fractures are treated as sym-
metrical wing fractures perpendicular to the hori-
zontal wellbore and the fractures penetrate the for-
mation entirely. All hydraulic fractures have the
same length and conductivity and are spaced uni-
formly along the horizontal well. (4) The fluid could
only flow towards the wellbore through primary
fractures. The effect of gravity and pressure loss
along the horizontal wellbore is neglected. (5) Cap-
illary pressure is considered in Region 2 due to
the imbibition. The effect of imbibition is mainly
reflected by wettability. To obtain an analytical
solution of the mathematical model, it is worth
mentioning that the fluid in each rock pore is
assumed to flow into the fracture, and the fractal
dimension of the fractured medium Dy is equal to
that of the matrix D,,. These assumptions are prac-
tical because they ensure the fluid in each matrix
pore can seep into the fracture system. For the frac-
tal dual-porosity reservoir model, the fractal per-
meability and porosity of matrix system are often
neglected. One reason is to facilitate mathematical
modeling, another reason is that the matrix per-
meability is very small compared with the fracture,
and the fluid mainly flows through the fracture, so
the fractal effect is mainly reflected in the fracture
system. The fractal index of the matrix 6, is equal

A New Seven-Region Flow Model for Deliverability Evaluation

Table 1 Definitions of Dimensionless Variables.
Here, ¢ Represents Different Regions with: = 1—7.

Variable Definition Variable Definition
RO w G
Tp 1{—1; YD %

wp W lD E

Gip Crapr G giD *%
PeD —faiiyr 2(5%_” Jpe ap Koy h(sz —pun) 4

to 0, which means there is no abnormal conductivity
in the rock medium fractals.

2.2. Mathematical Model in Each
Region

Before obtaining fluid governing equations in differ-
ent regions, we introduce dimensionless variables,
which are used to simplify the calculation of math-
ematical models. The dimensionless parameters are
defined in Table [II

(1) Region 1: Region 1 is the primary hydraulic
fracture area, where the flow is assumed to be linear
flow in the z-direction. The diffusion equation is
obtained by

k1o 0p1

k1o _ ¢1Cn 9p
p1 Ox?

=1 5

3.6 Ot (5)
where ¢12 is the supplement flow term from Region
2 to Region 1. The inner reservoir boundary is
%\x:o = %, and the outer reservoir boundary

q12

%% z=z; = 0. Based on the definitions of dimen-

sionless variables (Table [I) and the boundary con-
ditions, the dimensionless diffusion equation and
boundary conditions in Region 1 can be obtained
by

(’mp  2uikago Op2sp
oz pgkywsp Oyp

_ P1mCukapo Opip
(¢Cy)apoks Otp '’

wrp

Ip1p _ Ry
8:];1) £p=0 2]{31u2waa
Op1p
=0, —o=0.
921 P1D|tp=0

ZL‘DZZL‘fD

(2) Region 2: Region 2 is the deformable double
media imbibition region, where both fractures and
matrix exist, and the fracturing fluid sweeps into
the region causing both imbibition and cross-flow.
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To understand the imbibition effect, the capillary
pressure is used to represent imbibition intensity
in terms of capillary pressure between the matrix
and fracture with the assumption of linear flow in
the y-direction. To provide a more precise descrip-
tion of the heterogeneity of tight oil reservoirs, the
fractal theory, which is based on the self-similarity
and scale invariance of the fracture network, is
introduced.

For the matrix system, the governing equation is
expressed by

¢2mct2m ame + ak?m

_ —0. (7
56 5 o (p2m — P2y + pe) (7)

For the fracture system, the governing equation is
given by

&*pay D —0; —20ps < >6f L piokmu
o+ - —
Jy Yy Jy wy ) xf kpwps

O
X <% _ G5> + <i> O‘kQ—m
x w=z; wy ko
O
- Ay 7 b25Crapp2 Opay
X (pam — paf +pe) = (wf> 3.6kyy O
(8)

The inner reservoir boundary (pressure continu-
ity) is pgf‘yiw_f = pl’yiw_f7 and the outer reser-
- -2

koy 31)2 f ‘ _
H2 y=d

]jj’; ap?’f]y —g4- Substituting Eq. (7) into Eq [@®) and
applymg to the definition of dimensionless param-
eters in Table I the dimensionless fractal diffu-
sion equation and boundary conditions in Region

2 become

voir boundary (flux continuity) is

(0?poyp D —0—20pasp
oy3, yp  Oyp

Of
+ A2 (wyD > (Pmp — PyD + PeD)
Oy
YD kmw 8p5
-G
- (ww/?) Kt (390 5)
:< YD )Hf $270Cray Opagp

wa/Z (¢Ct)2 8tD ’

w pu— w
psz\yD: J;D plD!yD: J;D7

T=X f

kay Opasp
t2 Oyp |y, —a,
p2pltp=0 = 0.

_ ksy 9pssp
3 Oyp

)
yp=dp

9)

(3) Region 3: The fluid is assumed to be linear
flow along the z-direction in the RSV. The frac-
tal dimension D3 and fractal index 63 are used to
describe the heterogeneity of the fracture system.
For the matrix system, the seepage equation is

Opam aks

GamCram =g, + o (p3m — D3f) (10)

For the fracture system, the seepage equation is

82p3f D3 —93—28p3f 1 k‘@
2+ +——
Ay Y oy xy kg

03
() (G-l
wy Ox -

E3m 03
a2 (i> (P3m — p3f)

kap \wy

~ 935Cu3u3 [y % Opay

_ 3yCsphts (Y ) Ob3f (11)
36k33f wyr ot

According to the definition of dimensionless param-
eters, the dimensionless fractal diffusion equations
and boundary conditions in Region 3 become

Op3mD
(1 — wg)——=—= 4 A3(p3mp — P3D) = 0,
Otp
O*psgp D —0f —20psip 0
+ Xsyp
892D D A 3Yp (p3mD
b fD)‘f‘yH L (apGD 96D>
. % _
k‘gf ox a=x;
0
_ efw3 p3fD’
Otp
prD’yD:dD - prD’yD:dD’
ksr Opssp ky (517417 )
— = — — gapD ,
p3 Oyp |-, Ha \ Oyp up=lp
P3Dltp=0 =0

(12)

(4) Region 4: The fluid flows along the y-direction
from Region 4 to Region 3. Taking the non-Darcy
flow into consideration, the seepage equation can be
expressed as

3.6ky [ O? Opa
4< B cion 2t >+q47
pa \ 0y? Jy

Opy

= psCr—— T

(13)
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The dimensionless diffusion equation and boundary
conditions in Region 4 are

paip  Cu Cun Ipap
oys,  Clay 9yp

| ek <3P7D _971D)
prks \ Oxp

_ QapuCrakoy Opap

- 3.6k4(¢ﬂ20¢)2 8tD ’

Opap

dyp

ITD=TfD

P3¢D|y=1 = PabDlyp=ip

YD=YeD

(PaD|tp=0 = 0.
(14)

(5) Region 5: It is assumed one-dimensional linear
flow from Region 5 to Region 2 in the z-direction.
Considering the effect of non-Darcy flow, the dimen-
sionless diffusion equation and boundary conditions
in Region 5 are

Ppsp  Cis G Opsp _ kar¢spsCis Opsp
6$2D Clzf 89@ k5(q§u26’t)2 675[) ’
B Opsp B
prD|1‘D=1‘fD — p5D|ID=:EfDa 6$D — Oa
TD=TeD

Pspltp=0 = 0.
(15)

(6) Region 6: Similar derivation process like Region
5, considering the non-Darcy flow effect, the dimen-
sionless diffusion equation and boundary conditions
in Region 6 are

(9°psp ., Cis Opep
89:2[) op Clgf 6.’ED
pekro dp7D
ke (Ip — dp) < orp g72D)
_ koyde16Cts Opep
 (¢pp2Ci)2kes Otp

p3fD‘:ED=:EfD = p6D|1‘D=1‘fD7

yp=Ip

Opep
orp

= 07 p6‘tD=0 =0.

TD=TeD

(16)

(7) Region 7: Assuming one-dimensional linear flow
in both the z-direction and y-direction, considering
the non-Darcy flow effect, the dimensionless diffu-
sion equations and boundary conditions in Region

A New Seven-Region Flow Model for Deliverability Evaluation

7 are given by

(pip  Cir G OPTD
8932D Crof no oxp

_ kagdrp7Cir Opp
k71 (duaCi)e Otp (17)

p4D’mD:fo = p?D‘xD:foa

9p7p _ _
L dzp B — Oa p7|tD=0 =0.
TD=TeD
2
Oprp Cir dp7p

dy2  Chay P yp
_ kopdrrCir Oprp

 kra(duaCi)a Otp (18)
P6D|yp=ip = P7Dlyp=1p+
Op7p
5 =0, plip=0=0.
\ yD YD=YeD

3. RESULTS AND DISCUSSION

To obtain the analytical solutions, the system of
equations for each region is first converted to the
Laplace domain. According to the different flow
directions, solutions of those USRV regions (includ-
ing Regions 7, 6, 5 and 4) are solved in order.
After that, the governing equation in Regions 3 and
2 are derived, respectively. Finally, the analytical
horizontal wellbore pressure in Laplace domain is
obtained. Figure [2 shows the workflow of solving
the analytical pressure and production solution in
the multi-linear flow-dominated reservoir.

5 ¥z Mathematical Model & Initial
g ‘-8 Conditions and Boundary
%5 3 Conditions
25 &
a oA |
s | Dimensionless Parameters |
k| !
E I Laplace Transformation I

Coupling Multi-region
Solution Process

Analytical Wellbore Pressure and Production Solution in
Laplace Domain
]
Analytical Solution in Time Domain, and Verification
with the Oil Field

Validation and
Results

Fig. 2 A workflow to solve for analytical solution in this
mathematical model.
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3.1. Model Solutions

(1) Solutions of USRV Region

By applying the Laplace transformation to
Eq. (I@), the dimensionless diffusion equation and
boundary conditions in Region 7 in both the z-
direction and y-direction are

(0%prp b 9pp _ S
—89@% 721 92p 271UPTD,
p4D’mD:me = ﬁ'?D’a:D:a:fDa (19)
P
P7D —0,
axD TD=TeD
(&P — 0722 Oprp = N272UP7D
Y3 9yp '
P6D lyp=tp = D7Dlyp=lp (20)
P
aP?D —0,
YD lyp=y.p

where u represents the Laplace variable. The ana-
lytical solutions of Egs. (I9) and (20) in Laplace
domain can be expressed as follows:

PreEDTTL Tnezep(rnfrm)ezprvz

bib = Proel Tl — pojeten (r71—T72)+T72 Paplep=z;p;
(21)

QYDTT3 _ ,,,736yeD(7‘73—7‘74)eyD7‘74

_ T4 _
p7D = rraelDTTs — 7~73eyeD(7‘73—7‘74)+lD7‘74 pGD‘yD:lD.
(22)
Additionally, we have
Oprp _
3 = Fupaplep=z,p>
*P leo=zpo (23)
dp7p [
) = 76p6D!yD=lD-
YD lyp=ip

As to Region 6, the dimensionless diffusion equation
and boundary conditions in the Laplace domain are

aﬂ’j% 62 8.ID 26 6D
o5
+ arg ( PD _ @) =0, (24)
p u yp=Ilp
_ . 9psD _
p3fD‘a:D:1 - pGD’mD:b ) = 0.
LD TD=TeD

Substituting Eqs. ([23]) into Eqgs. (24)), the analytical
solutions of Region 6 in Laplace domain are given

2340173-8

as

_ [reaeT61%D — T6lem5D(r61—r62)er62xD]
PeD = [T62€T61 _ T61616D(T61 *T62)eT62]
% [P3splap=asp — do] + ds, (25)
9psD B
8ID - F63’ prD’q:D:me - F63d6-

:DDZZL‘fD

In the same way, the analytical solutions of Region
5 can be given as

[7“526‘TDT51 _ r5lexeD(r51*7‘52)el‘D7‘52]

Dsp =
[r50€"51 — 151eTeD (151 —T52)er52]
X ﬁ?fD‘xDZZZ‘fD7 (26)
Ipsp R 5
O = F52, DayDlep=z;p-
\ D TD=TfD

Like Region 5, the analytical solutions of Region 4
can be expressed as

- FypeYDTAL — T4leyeD(7’41—7"42)eyD7’42
PaD = ry9elDT41 — 4 eYeD(ra1—T42) glDT42
X (P3fDlyp=tp — da) + du, (27)
0pap _ — _
Gl Fu3, p3gplyp=ip — Fizda.
p=Ip

(2) Solutions of Region 3

Applying dimensionless variables to Egs. (12,

the dual-porosity fractal model of Region 3 in the
Laplace domain can be expressed by

(1 — w3)upsmp + A3(P3mp — P3gp) =0

(matrix system),

*p3sp i D —0;—20p3sp
oyh YD dyp

0 Opép 96D
i o (2 47

:DDZCDfD

= y%fcyig ¢p (fracture system),

D2fDlyp=dp = P3£D|yp=dp-
Op3fp (31541:) 94D>
as4 = - =
Oyp 9yp u

yp=Ilp yp=Ilp

(28)

Incorporating the seepage equation of matrix sys-
tem, the governing equation of the fracture system
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becomes

O*p3sp . D — 07 —20p3sp
oyh YD dyp

_ (% 0
— w3 <p3fD + —3> y[f =0. (29)
w3

Based on the general solution of the Bessel function,
the general form of solution for Eq. ([29) is

_ 34+63—Dg 2095 2403
P3fp = YUp 2 |:A313+9D ( 3 2 )

216 2+ 93 Yp
2w0.5 24063 U3
B3 K310 3 2 _ 2
+ D3 3+6-D (2+93?JD )} ws'
(30)

where I310-p(z) and K3zio-p (%) are the modified
246 PR

Bessel function of the first kind of order 3‘;1_9[) . The
coefficients Az and B3 can be derived by the bound-

ary conditions. According to Eq. (B0), we have

P 0n 1 9)  8-Dat20y s
Py _ ( 3+ )ESyD 2 Azl _p, EByD2
Bup 2 2763

24063
- BgK1—D3 <E3yD2 ):| . (31)

2463

Applying the boundary condition, the coefficients
can be solved. Based on the inner boundary condi-

tion ﬁQfD’yDZdD = prD’yD:dD7 we have

3+03—D3 2wg.5 2+03
P2fDlyp=dp =dp * [Asfm( dp® )

2105 2+ 03 D
2095 2t0s U3
B3Ksio,-py (——2—dp? || — —.
I %(2—%9 P ﬂ w3
(32)

Considering the outer boundary condition

op P
@34 OSQD lyp=tp = (81211? - %TD)L’/DZZD

solution of Region 4, we can obtain

0 2 3—D3+203 2403
asz4 3+ E3lD 2 I:A3I1D3 <E3ZD2 )

2 2403

2403
— B3K 1 b, <E3ZD2 )]

2103

and using the

_ AD
= <F43p3fD\yD:lD — Fyzdy — i )‘ .
u /lyp=Ilp
(33)
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Here, p3fplyp—=i, can be given by Eq. (34]), namely,

3+03—D 0.5 240
ps il =1 2 |Asl 2ws” 5
P3fDlyp=Ip = tp 3 %

+03 2+93D
2095 2t0s U3
B3K 36, 3] 2 - =,
* B (T )| -
(34)

Therefore, the derivative of pressure with respect to
position can be expressed by
Op3fp
dyp

= F3opagplyp—dap + Z3,  (35)

yp=dp
where F3o and Z3 can be derived by As and Bs in

Eq. ().

(3) Solutions of Region 2

The dimensionless diffusion equations of Region
2 in the Laplace domain are given by

r _ _ _ D
(1 — w2)upamp + A2 (meD — D2fp + %) =0,

O*pagp D —0—20Pyp
oy3, yp  Oyp

. ( YD >6 (1 —w2)ury (pcD>
wip/2) (1 —w)u+ A2 \ u
( YD )9 2k muw <3P5D 95D>
+ -
w¢p/2) pskey \Oxp U R

_ YD O Wotl + (1—w2)u>\2 _
wep/2 2 (1 —wo)u+ Ay P2fD

P2spl,, _ i pipl,, "

)

_ ksy 9pssp
vp=dp M3 Oyp

kag Ob2sp
p2  Oyp

yp=dp

(36)

The dimensionless diffusion equations of the frac-
ture system in Region 2 become

OParpo . D —0—20Paypo
Iy yp  Oyp

(1 —wa)ula pep
(1—w)u+r u

kmw kmw
+ k2 95D X [—F52
:U'5kfw U kfw
(1 — LUQ)’U,)\Q ):| _
— + -~ = =
\ (UJQU (1 — wg)u—l— Xy P2ypo

x (w;/;’/2>9 = 0. (37)
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The general form of solution for Eq. (37) is given
by

_ 340-D 2(0102)0.5 240
— 2 2
P2gpo = Yp [AI% < 2o D
+BK AGC)7 B
P\ 210 D 3
(38)
Using the inner and outer boundary conditions, the
coefficients in Eq. (B8) can be calculated. Substitut-
ing the coefficients of A and B into Eq. (37), we can
obtain

IP2£ Do
9Yyp

= FQlﬁlDo‘yD:wf_D +Z2, (39)
_“fD 2
yp=-%
where Fy; and Z, can be derived by A and B in
Eq. (38).

(4) Solutions of Region 1

The dimensionless diffusion equations of the pri-
mary region in the Laplace domain are given by

9*Pipo 9Paspo
+ as — un21p =0,
6$2D 0Yyp wip 100
yp=-%
9P1po _ ¢ 9pipo —0
\ oxp ep=0 U oxp _—

(40)

According to the results of Region 2, substituting
Eq. (39) into Eq. ({@0), the solution of the bottom
hole pressure in Laplace domain at the wellbore is

T12€7"11$D — 7«1167’11_7’12 e""lQ“x‘D

Pip = c
uryrig(l — er—riz)

az1 291
unz1 — ag1 ko
To incorporate the impacts of the wellbore storage

and skin factor into the dimensionless wellbore pres-
sure, Duhamel’s principlé®! is used as follows:

(41)

B up1pleD=0 + S

[l + uCp(upiplep—o + )]
The dimensionless of the bottom hole production
rate in the Laplacian domain can be given by
B 1

~ u2pyp(u)’

To acquire solutions in real-time space, the bottom

hole production rate of a single fracture well in time
domain can be obtained by the numerical Laplace

DwD (42)

quwD (U) (43)

inversion method 32 Finally, the accumulative pro-
duction rate can be calculated by

QD:/O quwp(t)dt. (44)

3.2. Model Validation

We have developed a new seven-region analytical
model for MFHW in the tight oil reservoir, which
can thoroughly consider the effects of fractal, imbi-
bition and non-Darcy flow on the production per-
formance of tight oil reservoirs. To validate the new
model, we compare our model results with one sub-
ject well from Cardium tight oil formation33 The
subject well is an open hole with 10 stages, and it
is the transverse hydraulic fracture. The basic well-
bore and oil reservoir data for this well are listed in
Tablel We also set the parameter values of the new
model to be consistent with the parameter values
of the subject well. Besides, the matching parame-
ters with those highlighted with the asterisk are also
listed. The values of the matching parameters can
be varied according to different oilfield characteris-
tics, but they should meet the basic characteristics
of low permeability reservoir obtained in field mea-
surement. To show the effects of fractal, imbibition
and non-Darcy flow on the production performance
analysis, six different combinations of influencing
factors (case 1: no imbibition and Darcy flow; case 2:
imbibition and Darcy flow; case 3: no imbibition and
non-Darcy flow; case 4: imbibition and non-Darcy
flow; case 5: imbibition and fractal; case 6: imbibi-
tion, non-Darcy flow and fractal) are studied, which
are shown in Fig. Bl The results of case 3 and case 4
indicate that the imbibition effect is an important
factor in the fractured reservoir exploitation, which
cannot be neglected. In case 2 and case 4, the pro-
duction rate curve without considering non-Darcy
flow can be obtained under the condition of con-
sidering imbibition. It demonstrates that the influ-
ence of non-Darcy flow is of great importance in
the production performance analysis. The effects of
imbibition, fractal and non-Darcy flow are all con-
sidered on the oil reservoir productivity in case 6.
It can be seen that the model result of case 6 is
in good agreement with the production rate of the
subject well, which proved that the mathematical
model and its algorithm are effective and reliable
for predicting reservoir productivity in the actual
oil field. Thus, the developed seven-region analyt-
ical model can be used to analyze the production
performance of MFHW in the tight oil reservoir,

2340173-10
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Table 2 Input Wellbore and Oil Reservoir Data.

Parameters Value Parameters Value
Reservoir length, Lr, m 1320 *Porosity of Region 2 and 3, ¢j(f+m) 0.16
Reservoir width, W, m 700 Fracture porosity, ¢ ¢ 0.2
Formation thickness, h, m 5 Fracture permeability, kg, mD 10,000
Horizontal well length, LH, m 1178 Matrix porosity, ¢m 0.12
*HF half length, z ¢, m 130 Matrix permeability, km,, mD 0.28
HF width, wy, m 0.003  Compressibility of matrix, Ctp,, MPa~!  0.0019
*Width of imbibition zone, d, m 20 *Skin factors, S 2
*Width of Region 2 and 3, [, m 60 Initial water saturation, Sw; 0.14
Initial formation pressure, p;, MPa 13.9 *Wetting angle, 3, degree 45
Bottom pressure, py, MPa 1.8 *TPG, G, MPa/m 0.011
Oil viscosity, u, MPa-s 1.414 Shape factor, «a, m2 0.12
Oil volume factor, B 1.19 Fractal dimension, D 1.95
Fracture number, Np 10 Fractal index, 6 0.01

60

Actual oil reservoir production rate
—— Model result (case 1: no imbibition and Darcy flow)
50 H —— Model result (case 2: imbibition and Darcy flow)
—— Model result (case 3: no imbibition and non-Darcy flow)
— Model result (case 4: imbibition and non-Darcy flow)
\ —— Model result (case 5: imbibition and fractal)
40 \ —— Model result (case 6: imbibition, non-Darcy flow and fractal)

0 L

L L L L L L L
0 50 100 150 200 250 300 350 400 450
time (day)

Fig. 3 Comparisons of production rate for the field
examples.

and the effects of fractal, imbibition and non-Darcy
flow should not be ignored in the production per-
formance analysis.

3.3. Sensitivity Analysis on
Deliverability Evaluation

In this section, the different influencing factors,
including the fractal, imbibition and threshold pres-
sure gradient on the productivity of horizontal
wells, are quantitatively analyzed. The simulation
parameters and their values are listed in Table [3]

3.3.1. Influence of fractal on
reservoir deliverability

To describe the heterogeneity of fracture networks
on oil reservoir production performance, the fractal
theory?¥58 hased on self-similarity and scale invari-
ance of the fracture network is applied. In this work,

the fractal dimension D and fractal index 6 are
employed to consider the effect of fractal on the oil
reservoir productivity. In the new model, Region
2 and Region 3 exist in fractal fracture networks.
Both of them are deformable double media regions,
where both fractures and matrix exist. DD denotes
the fractal dimension of both the fracture medium
and matrix medium with Dy = Dy, = D, 0 stands
for the fractal index of the fracture with 6y = 6, and
the fractal index of the matrix 6,, is set to 0, which
means there is no abnormal conductivity in the rock
medium fractals. The relationships between the per-
meability, porosity and the fractal dimension, frac-
tal index of the fracture system and matrix system
can be referred to in Eqs. (Il) and ([2)). The dimen-
sionless accumulative production rate (Jp is calcu-
lated based on Eq. ([@]). Figures @ and [l exhibit the
accumulative production rate of different fractal oil
reservoirs.

From Fig. @k, we can see that the fractal dimen-
sion of Region 2 has a significant influence on
the oil reservoir deliverability. The dimensionless
accumulative production rates obviously increase
in the initial stage due to the wellbore storage
and skin effect. With the fractal dimension D5 ris-
ing from 1.9 to 2.1, the dimensionless accumula-
tive production rate significantly grows from 5.8
to 13.8, which is increased by almost 1.4 times.
The value of fractal dimension equaling 2 means
the traditional Euclidean dual-porosity model, i.e.
no fractal characteristics in the SRV. When the
value of fractal dimension is not 2, the proposed
model is converted to non-homogenous reservoir
modeling, which indicates the geometric property
of the natural-fracture and induced-fracture net-
work, and the heterogeneity becomes more complex

2340173-11
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Table 3 Input Model Parameters and their Values.

Parameters Value Parameters Value
Reservoir length, Lr, m 1200 Cluster number, nc 2
Reservoir width, W, m 600 Fracture porosity, ¢ 0.0045
Formation thickness, h, m 10 Fracture permeability, kg, mD 20,000
Horizontal well length, LH, m 1140 Matrix porosity, ¢m 0.12
HEF half-length, =, m 150 Matrix permeability, ky,, mD 0.1
HF width, wy, m 20 Compressibility of matrix,Ct,, — 0.0005
Width of imbibition zone, d, m 20 Shape factor, a, m 2 0.12
Width of Region 2 and 3, [, m 60 Initial water saturation, Sw; 0.2
Initial formation pressure, p;, MPa 15 Wetting angle, [, degree 45
Bottom pressure, p;, MPa 10 TPG, G, MPa/m 0.01
Oil viscosity, p, MPa-s 5 *Skin factors, S 0.12
Oil volume factor, B 1.01 Fractal dimension, D 1.95
Fracture number, Ng 15 Fractal index, 6 0

Wellbore storage coefficient, Cp,y 10,000

and stronger. However, with the increase of frac-
tal index of Region 2, the dimensionless accumu-
lative production rate decreases obviously because
the natural-fracture and induced-fracture networks
in the SRV region provide the main liquid yield of
MFHW at this time. In general, the larger the frac-
tal dimension and the smaller the fractal index in
Region 2, the higher the oil reservoir deliverability
obtained.

Figure Bl illustrates the impacts of fractal dimen-
sion and fractal index of Region 3 on the produc-
tion performance of the MFHW. Results indicate
that the increment of fractal dimension in Region
3 cannot improve the dimensionless accumulative
production rate significantly, which is very different
from that in Region 2. While the trend of dimen-
sionless accumulative production rate with fractal
index in Region 3 is similar to that in Region 2.
With the rise of the fractal index of Region 3, the
dimensionless accumulative production rate reduces
gradually. The fractal index indicates the migra-
tion distance of fluid in the fracture network. The
smaller the fractal index is, the shorter the migra-
tion path of fluid is. That’s why the smaller fractal
index will be beneficial to fluid diffusion and reser-
voir deliverability.

From Figs. @ and [ it can be observed that the
choice of the fractal dimension has a significant
impact on the solutions throughout the produc-
tion period. With the increase of fractal dimension
and the decrease of fracture porosity and matrix-
fracture channel flow along the fracture, the produc-
tion increases gradually. The permeability attenu-
ation also increases as the fractal index becomes
large, resulting in the decrease of early production.

This result indicates that the fracturing support
system should be optimized during fracturing oper-
ation to ensure the flow capacity of the support frac-
ture network and improve production.

3.3.2. Influence of imbibition on
reservoir deliverability

Next, the effect of imbibition on the reservoir deliv-
erability is specifically analyzed. The imbibition
effect occurs in Region 2, where the fracturing fluid
sweeps into this region resulting in both imbibition
and cross-flow. The capillary pressurep. depends on
the wettability angle 3, the relationship between
them can be referred to in Eq. ([B]). In general, differ-
ent oil reservoirs have different wettability of rock,
and different wettability can affect the imbibition
behavior. In this study, the wettability angle of the
formation rock is changed to different values, both
the daily and accumulative production rates are
calculated. Besides, the contributions of imbibition
on the daily and accumulative production rates are
defined as: Aq = qwith imbibition — ¢no inmbibition and
AQ = Qwith imbibition Qno imbibition respeCtively
Her67 Gno inmbibition and Qno imbibition denote the
daily and accumulative production rates at § = 90°.

Figures [Bh and [6b show the influences of wetta-
bility angle on the dimensionless daily and accu-
mulative production rates. It can be seen that the
wetting angle § has an important impact on the
reservoir production. In terms of the daily pro-
duction rate, the smaller the wetting angle 3 is,
the stronger the imbibition effect will be. When
B < 90° (water wettability), the stronger the imbi-
bition effect is, the greater the daily production rate

2340173-12
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Fig. 4 The influence of fractal structure of Region 2 on the
reservoir deliverability (only considering the fractal effect in
Region 2, and Region 3 is a traditional reservoir with D3 = 2
and 03 = 0): (a) Effect of fractal dimension Dy on dimen-
sionless accumulative production rate (f2 = 0); (b) Effect
of fractal index 65 on dimensionless accumulative production
(Dy = 1.95).

will be. When 3 > 90° (oil wettability), the imbi-
bition is not conducive to improving the daily pro-
duction rate. The law of the accumulative yield is
consistent with the daily reservoir production. As
the wetting angle increases from 0° to 150°, the
dimensionless accumulative production rate obvi-
ously cuts down from 9.4 to 7.1 throughout the pro-
duction period, which is decreased by almost 25%
of the maximum production. From Fig. Bk, we can
find that the accumulative production rate induced
by imbibition becomes positive when the wettability
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-
o

Dimensionless accumulative production rate Qp
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Dimensionless time t,
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Dimensionless accumulative production rate Q
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Dimensionless time t;

(b)

Fig. 5 The influence of fractal structure of Region 3 on the
reservoir deliverability (only considering the fractal effect in
Region 3, and Region 2 is a traditional reservoir with Do = 2
and 03 = 0): (a) Effect of fractal dimension D3 on dimen-
sionless accumulative production rate (f3 = 0); (b) Effect
of fractal index f3 on dimensionless accumulative production
(D3 = 1.95).

is water-wet, and the imbibition is caused by water
being imbibed into the matrix and oil being dis-
charged into the fractures. When the reservoir rock
is oil-wet, the accumulative production rate caused
by imbibition effect turns negative, which means
that the imbibition is not beneficial to reservoir
production. This is because the effect of imbibi-
tion is reduced in this case, and oil flows from the
matrix into the fracture for differential pressure,
resulting in lower daily and cumulative production
rates. Thus, the stronger the impact of imbibition
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Fig. 6 The influence of imbibition on the reservoir deliver-
ability: (a) Effect of wetting angle 3 on dimensionless daily
production rate; (b) Effect of wetting angle 8 on dimension-
less accumulative production rate; (c¢) Contributions of imbi-
bition on accumulative production rate.
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Fig. 7 The influence of TPG on the reservoir deliverability:
(a) Effect of TPG on dimensionless daily production rate;
(b) Effect of TPG on dimensionless accumulative production
rate.

is, the more oil can be produced in the formation,
and simultaneously the earlier daily production and
later accumulative production will increase.

3.3.3. Influence of threshold
pressure gradient on
reservoir deliverability

Non-Darcy flow exists in tight oil reservoirs due to
the presence of nanopores. The effect of threshold
pressure gradient on the oil reservoir deliverability
is unable to be ignored when describing the fluid
flow in a porous medium for production perfor-
mance. In this work, the effect of non-Darcy flow in
Regions 4, 5, 6 and 7 on the daily and accumulative
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production rates are quantitatively discussed. As
shown in Fig. [Th, it can be seen that the influ-
ence of threshold pressure gradient on the daily pro-
ductivity is not so much obvious. However, there
exists an obvious variation of dimensionless accu-
mulative production rate as the change of thresh-
old pressure gradient. With the threshold pressure
gradient rising from 0 MPa/m to 0.06 MPa/m, the
dimensionless accumulative production rate gradu-
ally decreases from 10.5 to 9.2 in the entire pro-
duction period, which is reduced by nearly 12%
of the productivity without considering threshold
pressure gradient effect. It can be seen that there is
a negative correlation between the threshold pres-
sure gradient and the oil reservoir production. This
is because the higher the threshold pressure gradi-
ent, the greater the resistance of the fluid to flow
through the formation.

4. CONCLUSION

In this paper, to obtain a more detailed description
of the production of multi-stage fractured horizon-
tal wells, a seven-region semi-analytical mathemat-
ical model considering the influences of the frac-
tal, imbibition and non-Darcy flow in the fractal
reservoir is newly developed and solved at length.
A field example is conducted to verify the validity of
the mathematical model. Based on the model, the
effects of the fractal, imbibition and non-Darcy flow
on the deliverability of MFHW in tight oil reservoir
are concretely investigated. The simulation results
lead to the following conclusions:

(1) Unlike the conventional fracture model with
uniform distribution of fracture proppant, the
present proposed model can better explain the
heterogeneity of fracture network within dual-
porosity SRV and dual-porosity. The solution
of seven-region semi-analytical model can pro-
vide a suitable algorithm for the deliverability
evaluation in tight oil reservoirs.

(2) The fractal plays a predominant influence on
the productivity of MFHW in tight oil reser-
voirs. The larger the fractal dimension and
the smaller the fractal index is, the higher
the accumulative production rate can finally be
obtained. The fractal effect of fracture network
must be considered in the oil reservoir produc-
tion performance analysis.

(3) The imbibition has important effect on the
deliverability of MFHW in tight oil reservoirs.
As the increasing of wetting angle, the daily

A New Seven-Region Flow Model for Deliverability Evaluation

and accumulative production rates obviously
reduce. In the water-wet formations, the imbi-
bition has a positive impact on the production
rate, while it has a negative impact on the pro-
duction rate in the oil-wet formations.

(4) Compared with the fractal and imbibition, the
threshold pressure gradient has less influence
on the production of MFHW in tight oil reser-
voirs. The result suggests that there is a neg-
ative correlation between the threshold pres-
sure gradient and production performance. The
small threshold pressure gradient will be bene-
ficial to the accumulative production rate.
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