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ABSTRACT

Polymer flooding in fractured wells has been extensively applied in oilfields to enhance oil recovery. In
contrast to water, polymer solution exhibits non-Newtonian and nonlinear behavior such as effects of
shear thinning and shear thickening, polymer convection, diffusion, adsorption retention, inaccessible
pore volume and reduced effective permeability. Meanwhile, the flux density and fracture conductivity
along the hydraulic fracture are generally non-uniform due to the effects of pressure distribution, for-
mation damage, and proppant breakage. In this paper, we present an oil—water two-phase flow model
that captures these complex non-Newtonian and nonlinear behavior, and non-uniform fracture char-
acteristics in fractured polymer flooding. The hydraulic fracture is firstly divided into two parts: high-
conductivity fracture near the wellbore and low-conductivity fracture in the far-wellbore section. A
hybrid grid system, including perpendicular bisection (PEBI) and Cartesian grid, is applied to discrete the
partial differential flow equations, and the local grid refinement method is applied in the near-wellbore
region to accurately calculate the pressure distribution and shear rate of polymer solution. The combi-
nation of polymer behavior characterizations and numerical flow simulations are applied, resulting in the
calculation for the distribution of water saturation, polymer concentration and reservoir pressure.
Compared with the polymer flooding well with uniform fracture conductivity, this non-uniform fracture
conductivity model exhibits the larger pressure difference, and the shorter bilinear flow period due to
the decrease of fracture flow ability in the far-wellbore section. The field case of the fall-off test dem-
onstrates that the proposed method characterizes fracture characteristics more accurately, and yields
fracture half-lengths that better match engineering reality, enabling a quantitative segmented charac-
terization of the near-wellbore section with high fracture conductivity and the far-wellbore section with
low fracture conductivity. The novelty of this paper is the analysis of pressure performances caused by
the fracture dynamics and polymer rheology, as well as an analysis method that derives formation and
fracture parameters based on the pressure and its derivative curves.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0)).

1. Introduction

solution exhibits shear thinning and shear thickening characteris-
tics during the flow in porous media, resulting in a wide range of

As a mature tertiary oil recovery technique, polymer flooding
has been widely applied in the development of onshore and
offshore oilfields, which effectively increases oil production and
reduces water production (Clarke et al., 2016; Wang et al., 2019a;
Firozjaii and Saghafi, 2020; Seright and Wang, 2023). Compared
with conventional water or gas injection, the viscoelastic polymer
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viscosity changes at different shear rates and strong non-linearity
flow behavior (Azad and Trivedi, 2019; Li et al.,, 2019; Shende
et al, 2021). Simultaneously, due to the easy adsorption and
retention of polymer molecules and solid particles carried during
polymer flooding, the porosity and effective permeability of porous
media decrease, leading to more complex flow characteristics
during polymer flooding (Park et al., 2015; Zhang et al., 2019;
Abdelgawad, 2022). Well testing, as an economical and effective
method, is widely used in the industry to evaluate the well
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performance and reservoir characteristics based on the bottom-
hole pressure data (Gringarten, 2008; Wang et al., 2019b).

In the 1980s, Vongvuthipornchai and Raghavan (1987) applied
the numerical simulation module developed by Murtha and Ertekin
(1983) to establish an infinite-conductivity polymer-fractured well
testing model, assuming the formation fluid is a power-law fluid.
They used finite difference method in a two-dimensional Cartesian
grid for discrete solutions and analyzed typical well testing curves
for power-law fluid fractured wells. Ertekin et al. (1987) established
a composite well testing model for finite-conductivity fractured
well considering the non-Newtonian/Newtonian behavior of
polymer solution. Xu et al. (2003) established a non-Newtonian
composite testing model, with the inner region representing the
fractured area and the outer region representing a homogeneous
formation. The fluid was a single-phase power-law fluid, and they
obtained an analytical solution in Laplace space. van den Hoek
(2012) presented a practical interpretation method in polymer
fall-off tests, from which the in-situ polymer rheology, flow
behavior index, and fracture dimensions could be easily estimated.
Jia et al. (2015, 2016) developed a numerical testing model for
polymer flooding well based on PEBI grid, and studied the impact of
shear thinning on typical curves. Ma and McClure (2017) coupled
the hydraulic fracturing and reservoir simulation considering the
polymer rheology effect, which illustrates that the shear-thickening
polymer rheology may significantly reduce well injectivity. Kamal
et al. (2019) proposed an analytical solution for pressure transient
response in two-phase flow by combining the non-Newtonian
fluids and the multi-composite reservoir models. Ukwuigwe and
Igbokoyi (2021) presented a general solution for two-region com-
posite reservoir, which is applicable to both the Newtonian and
non-Newtonian fluids.

However, due to uneven sand placement during fracturing, and
geological and engineering factors such as reservoir heterogeneity,
formation damage, proppant breakage, and so on, the flux density
and fracture conductivity along the hydraulic fracture are non-
uniform. Millheim (1968) found that the fracture half-length ob-
tained from well testing interpretation is much smaller than the
designed fracture half-length, and speculated that this is due to the
low density of proppant distribution. Patankar et al. (2002) studied
the influence of proppant migration and settling in hydraulic
fractures on the uneven distribution of fracture conductivity. Based
on the phenomenon of non-uniform fracture conductivity during
the fracture, Huang et al. (2017) and Qin et al. (2019) developed the
analysis methods for the pressure transient performances in frac-
tured wells, and the results are consistent with the understanding
of formation and fracture characteristics.

Currently, the pressure transient analysis for polymer flooding
fracturing well is mainly based on the single-phase power-law
fluids, which simplifies the physical and rheological properties of
polymer solution in the porous media, and neglects the charac-
teristics of oil—water two-phase flow and the impact of non-
uniform fracture conductivity effects. To fill this gap, an oil—water
two-phase pressure transient analysis model is established by
considering the characteristics of non-uniform fracture conduc-
tivity and comprehensive effects of shear thickening, shear thin-
ning, convection, diffusion, adsorption retention, inaccessible pore
volume, and reduced effective permeability caused by polymer
solution in porous media. The local grid refinement is employed in
the near-wellbore region to accurately calculate the pressure dis-
tribution and shear rate of polymer solution. Type curves are ob-
tained to investigate the main influence factors on bottom-hole
pressure responses in polymer flooding process. Finally, the reli-
ability and practicality of the method are validated through a field
case.
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2. Methodology

It is well acknowledged that the fracture conductivity is not
uniform along the hydraulic fractures, even though it is generally
ignored in the pressure transient behavior analysis. This may result
in the fracture half-length determined from pressure transient
analysis and reservoir simulation history matching are less than the
designed fractures. This section involves the main assumptions and
mathematical model of non-uniform conductivity fractured wells
in viscoelasticity polymer flooding. The oil—water two-phase flow
and the characterization of polymer, including the effects of shear
thickening, shear thinning, convection, diffusion, adsorption
retention, inaccessible pore volume, reduced effective perme-
ability, are considered.

2.1. Assumptions

To facilitate the model development, several assumptions are
made as follows:

(1) The reservoir is homogeneous, isotropic, and of uniform
thickness, with uniform distribution of initial formation
pressure, water saturation, and polymer concentration.

(2) The fractures penetrate the formation vertically, distributed
symmetrically on both sides of the wellbore, with non-
uniform fracture conductivity at various locations.

(3) Oil—water two-phase flow is considered, with the polymer
dissolved in the water phase.

(4) The effects of shear thickening, shear thinning, convection,
diffusion, and adsorption retention of polymers are consid-
ered. Meanwhile, we also take into accounts of permeability
reduction of water phase caused by the polymer adsorption,
and the inaccessible pore volume due to the large molecular
size and flexible structure of polymer.

(5) Oil and water flow in the matrix and fracture obeys Darcy's
law.

(6) The reservoir fluids and rocks are slightly compressible.

(7) Chemical reactions during polymer flooding process are
neglected, and temperature changes are ignored.

Even though the actual fracture conductivity is space-varying, it
is extremely difficult, or we say impossible, to calculate the fracture
parameters reliably based on the measured pressure data due to
the multiplicity of solutions. To simplify processing for engineering
application, the fracture is divided into two parts: high-
conductivity fracture near the wellbore and low-conductivity
fracture in the far-wellbore section.

2.2. Mathematical model

The continuity equations for oil, water and polymer in the near-
wellbore fracture system are

o (9r1baS10) + 9+ (Barera) — Qu =0, @ = {o,w}, (1)

a% [¢f1 bWSf]walp] + V- (bwvnwcﬂp) +V- <Vf1d) - QwCr1p
=0.
(2)

The continuity equations for oil, water and polymer in the far-
wellbore fracture system are
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% <¢f2ba5f2a> + V- (banZa) =0, (3)

K]

3 [¢f2bw5f2wcf2p] + V- <bWUf2WCf2p> + V- (Vf2d> =0 (4)
The continuity equations for oil, water and polymer in the ma-

trix system are

o (BrmbuSme) + 9+ (Bavma) — Qu = 0, (5)

0
& {‘ﬁmfpbw (Smwcmp + emp) :| + V- (bwvmemp) =+ V. (Umd)

- chmp
=0,
(6)

where « = {0, w}, subscripts o and w represent oil and water,
respectively; ¢f1, ¢r2, dm denote the porosities in the near-wellbore
fracture, far-wellbore fracture, and matrix, respectively; b, is the
reciprocal of volume factor; Sti4, S2q, Sm are the saturations in the
near-wellbore fracture, far-wellbore fracture, and matrix, respec-
tively; Q is the flow rate in the wellbore; Crip, Crop, Cmp are the
polymer concentrations in the near-wellbore fracture, far-wellbore

fracture, and matrix, respectively; émp is the adsorption concen-
tration of the polymer in the matrix; vfi4, Ve2a, Vma are the flow rates
in the near-wellbore fracture, far-wellbore fracture, and matrix,
respectively; Vfid, Vf2d, Vmd are the polymer diffusion rates in the
near-wellbore fracture, far-wellbore fracture, and matrix,
respectively.

It is difficult for polymer to enter the matrix pores due to its
large molecular size and flexible structure in the polymer flooding
process. The parameter f,, which characterizes the ratio of acces-
sible pore volume of polymer to pore volume of reservoir, is
introduced and added in Eq. (6).

According to Darcy's law, the oil and water flow rates in the
near-wellbore fracture can be expressed as:

_ I<f1 kro
Vflo = T he <folo)v (7)
I(f‘l krw
viw = ——— (VD . (8)
W et R ( ﬂw)
Similarly, the oil and water flow rates in the far-wellbore frac-
ture are
_ I<f2kro
V2o = e <fo20>: (9)
I(fzkrw
Vpow = — vp . (10)
2% et R ( fzw)
The oil and water flow rates in the matrix are
Kmk
Vmo = ———° (VPmo), (11)
Ko
Kmnkrw
Vmw = — . 12)
m ﬂwefka( Prmw) (

The polymer diffusion rates in the near-wellbore fracture, far-
wellbore fracture, and matrix are

345
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Vf1d = *Dp¢f15f1w(VCf1p>7 (13)
vfad = —DpdraSeowy (Vszp), (14)
Umd = —Dp¢mfpsmw (chp)~ (15)

where Kf;, Kr, denote the absolute fracture permeabilities in the
near- and far-wellbores, respectively; ko, krw represent the relative
permeabilities for oil and water, respectively; pfia, P2« are the
pressures in the near- and far-wellbores, respectively; uo is the oil
viscosity; uwefr is the effective water viscosity; Ry is the effective
water permeability reduction coefficient; D, is the polymer diffu-
sion coefficient.

The oil and water phase flow rate equations in the near-wellbore
fracture are

2n‘1<ﬁ oG ba dp
[ S E— _ wi
- ln(re/rw) +S (pwf pflot) +Cb0t dt (16)
with
AO = k£7
Ko
Krw

Aw = R

Y twerrRi

where af; is the near-wellbore fracture aperture; ry, is the well
radius; S is the skin factor; pwr is the bottom-hole pressure; C is the
wellbore storage coefficient.

The adsorption concentration of the polymer in the matrix
system is estimated based on Langmuir adsorption equation as:

A
A CpmaxbpGp

PT 14 bpG 17)

The effective water permeability reduction coefficient caused by
polymer adsorption is characterized by Hou et al. (2003) as:

(Rkmax — l)bPCP

Re=1+=075,6,

(18)

where epmax is the maximum adsorption concentration of polymer
in the matrix; by is a constant; C, is the injected polymer concen-
tration; Rgmax iS the maximum permeability decline coefficient.

The initial conditions for reservoir pressure, water saturation,
polymer concentration are

Pa(xvy,LO):pi’ (19)

SW(Xay7zv 0):Swi7 (20)

CP(Xayvz70):Cpi(X7yvz)' (21)
Assuming the outer boundaries are closed, we have

Pl o] 0 (22)

ax X=0 Xmax ay yZOstax az y:Ozmax

Combining the saturation equation and capillary pressure
equation gives



Y. Wang, J. Zhang, S.-L. Yang et al.

Sw+So=1, (23)

Pcow =Pw — Do, (24)
where p; is the initial reservoir pressure; S, is the initial water
saturation; Cp; is the initial polymer concentration; pcow is the
capillary pressure; x, y, z are the coordinate axis directions; Xmax,
Ymax» Zmax are the maximum value in the x, y, z directions,
respectively.

The unified viscosity model for polymer solutions proposed by
Delshad et al. (2008) is applied, which can characterize the shear
viscosity and tensile viscosity of polymers as:

Hweff = Msh + Hel, (25)
with

pon =t + (K9 — ) [1+ (Amz]m;, (26)
Hel :/JLmax{‘1 —exp [ - (AZTr'Y)TbA] }» (27)

where ug, denotes the shear viscosity of polymer; we is the elon-
gational viscosity of polymer; u is the water viscosity; v is the
shear rate of polymer; ,ug is the zero shear viscosity of polymer; 7; is
the relaxation time of polymer; umax, 11, N2, A1, A2 are the empirical
constants. Fig. 1 shows the comparison of the apparent polymer
viscosity with and without shear thickening (Zhang et al., 2021). It
can be found that the polymer viscosity remains basically constant
at low shear rate, and then decreases continuously as the shear rate
increases. When the shear rate is greater than a critical value, the
effective polymer viscosity begins to show an upward trend with
the increase in shear rate, which is called shear thickening.

3. Results and discussion
3.1. Numerical implementation

A hybrid grid system, including PEBI mesh and Cartesian grid, is
applied to solve the partial differential flow equations. Since the
near-well zone has a large pressure gradient and shear thickening
of the polymer solution mainly occurs in this area, it is crucial to
refine the grid in the near-well zone. The Cartesian grids of large
size are distributed far from the wellbore to reduce the

Viscosity, mPa s

Shear thining
Shear thining and shear thickening

10~ 100 10 102 10° 104

Shear rate, s’

Fig. 1. Comparison of the apparent polymer viscosity with and without shear thick-
ening behavior (Zhang et al., 2021).
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computation time (Fig. 2). Fig. 2 shows the hybrid grid for the non-
uniform fracture conductivity case, where the black circle repre-
sents the wellbore, the blue lines represent the fractures in the
near-wellbore section, and the green lines represent the fractures
in the far-wellbore section.

The finite volume method is employed to discretize the partial
differential equations in mathematical model section. The dis-
cretization of Egs. (1) and (2) for oil, water and polymer in the near-
wellbore fracture system can be written as follows:

<¢f1 basfla) T <¢f1 basfla) "

. n+1,l
+div(bavry,) Q)"

Atn+1

=0,

(28)
n+1,l n
<¢f1 bWSflef1p> - (d’n bstIwa1p>
Atn+1
. n+1,l . n+11 n+1,1

—+ div <bWUf]WCf1p) + div (vﬂd) — (QWCf]p>

= 07
(29)

where n is the time step; and [ is the iteration step of each time step.
Similarly, we can also derive the discretization equations for oil,
water and polymer in the far-wellbore fracture system and matrix.
Eq. (30) shows the discretization of continuity equations for poly-
mer in the matrix system which considers the effects of polymer
diffusion, adsorption retention, and inaccessible pore volume.

A n+1,l A n
{¢mfpbw (Smwcmp+Cmp) } _{¢mfpbw (Smwcmp+Cmp) }
Atn+1
+div (BwvmwCinp) ™+ div(vmg)" = (QuCinp) "
=0.

(30)

The oil and water phase flow rate equations in the near-wellbore
fracture can be written as

1015 4

1010

1005 -

1000

y,m

995

990

985

T T T T T T T T T

1420 1440 1460 1480 1500 1520 1540 1560 1580

X, m

Fig. 2. Diagram of a fracture with non-uniform conductivity in a fractured vertical well
system.



Y. Wang, J. Zhang, S.-L. Yang et al.

1.0
Ko
ko

0.8
2
3
@
O 06
13
[}
o
2 04
©
Q
14

0.2

0 T T . T T
0.2 0.3 0.4 0.5 06 0.7 0.8
Water saturation
Fig. 3. Relative permeability curve.
i ZW‘KH Aalgy b y M1 1l
n+1, _ _
n+1, 1 n
n+1,1Pwi "~ — Pwt

Other equations are easily formulated in the similar way. Finally,
the equations can be solved by the automatic differentiation and
Newton iteration method, which is programmed based on MATLAB
codes.

Table 1

Petroleum Science 21 (2024) 343—351
3.2. Flow behavior of polymer flooding

To illustrate the influence of non-uniform fracture conductivity
on the pressure and polymer concentration distribution during
polymer flooding, a 3000 m x 3000 m x 10 m homogeneous
reservoir is designed, with the fractured polymer injection well
located at the center of the reservoir. The fracture half-lengths in
the near-well and far-well sections are both 25 m. The fracture
conductivity coefficients are 60 pm? m for the near-wellbore sec-
tion and 12 pm? m for the far-wellbore section. The injection rate of
the polymer solution is 100 m>/d, the initial polymer concentration
of the reservoir is 0 kg/m?, and the injected polymer concentration
is 0.15 kg/m?>. The relative permeability curves for oil and water are
shown in Fig. 3, and the polymer parameters (Zhang et al., 2021) are
applied. The distribution of water saturation, polymer concentra-
tion, and formation pressure can be calculated by the above
gridding and numerical solution methods. Table 1 shows the field
distribution of polymer injection for 5, 10, and 100 d. It is found that
the injected polymer fills the fracture first, and then flow perpen-
dicular to the fracture towards the formation. The effective sweep
distance of polymer flooding is limited according to the polymer
concentration variation field.

3.3. Type curve and sensitivity analysis

Type curve of viscoelastic polymer flooding fracturing wells
with non-uniform fracture conductivity are presented in the
log—log plot (Fig. 4), which can be divided into five flow regimes:
wellbore storage, transitional flow, bilinear flow, linear flow, and

Distribution of water saturation, polymer concentration and reservoir pressure in different polymer flooding time periods.
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radial flow. Our model is degenerated into uniform conductivity
fracture model when the fracture conductivity in the far-wellbore
section is set equal to the near-wellbore section as 60 pm? m,
whose type curve is also plotted in Fig. 4. This situation is
comprehensively discussed and validated in our previous paper
(Wang et al., 2023). Compared with the polymer flooding well with
uniform fracture conductivity, the non-uniform fracture conduc-
tivity case exhibits the larger pressure difference, and the shorter
bilinear flow period due to the decrease in fracture flow ability in
the far-wellbore section. The linear flow regime appears earlier, and
the radial flow dominates faster. The effect of polymer rheology is
largely reflected in the calculation of viscosity. Compared with
waterflooding, the viscosity of polymer solution is much bigger,
which results in larger pressure loss. Meanwhile, the effect of shear
thickening is also discussed in our paper. The pressure and its de-
rivatives calculated by considering both shear thinning and shear
thickening are significantly greater than those calculated without
considering shear thickening. This is because the high shear rate
near the wellbore demonstrates the shear thickening characteris-
tics of the polymer solution, causing an increase in the viscosity of
the polymer solution near the wellbore.

To analyze the impacts of non-uniform fracture conductivity
distribution and the polymer characteristics on the type curves
during polymer flooding, the effects of the ratio of fracture lengths,
fracture conductivities between the near-wellbore and far-wellbore
sections, polymer concentration, and water saturation are investi-
gated. The total fracture length, including the near-wellbore and
far-wellbore sections, is 100 m. The fracture conductivity in the
near-wellbore section is 60 pm? m.

Fig. 5 shows the impact of the ratio of fracture lengths between
the near-wellbore and far-wellbore sections (fi/f>) on the type
curves of polymer flooding wells. It is found that the relative frac-
ture length in the near- and far-wellbore sections has a big impact
on the bottom-hole pressure behavior. Results show that the
pressure difference is larger, the transitional flow and bilinear flow
regimes become shorter, and the linear flow regime appears earlier
as the increase in the fracture length in the far-wellbore section.
Meanwhile, the analysis reveals that the f;/f, has no impact on the
pressure-derivative value in radial flow, which is influenced by
formation permeability, but affects the time to achieve radial flow.

To magnify the impact of fracture conductivity on the bottom-
hole pressure responses, the ratios of fracture conductivities be-
tween the near-wellbore and far-wellbore sections (Cg;/Cry) are set
as 1,10, and 100, and the fracture lengths for near- and far-wellbore
sections are keep the same as 50 m. The pressure performance for
different cases is shown in Fig. 6, which behaves similarly with

Polymer flooding fracturing well with uniform conductivity
Polymer flooding fracturing well with non-uniform conductivity

e
T~

100

101 4

Pressure, MPa

1072

103 T T T T T T T
102 10 100 10' 102

Time, h

10°

Fig. 4. Comparison of type curves between the polymer flooding well with non-
uniform and uniform conductivity fractures.
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Fig. 5. Influence of f1/f> on bottom-hole pressure performance.
10
CifCn =1
GalCa=10 ol
-
CulCo =100 Pt
©
a
=
9
2
=
7]
(73
o
o
10 T T T T T T

102 10-2 107

Time, h

10° 10 10? 10°

Fig. 6. Influence of Cy;/Cp, on bottom-hole pressure performance.

fracture length. As the decrease in fracture conductivity in the far-
wellbore section, the pressure difference becomes larger, the
transitional flow and bilinear flow regimes become shorter, and the
linear flow regime appears earlier. The sensitivity analysis for the
ratio of fracture lengths, fracture conductivities between the near-
wellbore and far-wellbore sections in Figs. 6 and 7 demonstrates
the significant influence of the non-uniform fracture conductivity
parameters on bottom-hole pressure responses, which further

C, =0.1kg/m?
C, =0.2 kg/m®
C, = 0.3 kg/m*

10°

Pressure, MPa

102 4

10-° T T T T T T
10 10 10+ 100 10° 102

100
Time, h

Fig. 7. Influence of injected polymer concentration on bottom-hole

performance.

pressure
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10-2 10~ 10~ 100 10' 102
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Time, h

Fig. 8. Influence of water saturation on bottom-hole pressure performance.

confirms the necessity of considering this effect.

Fig. 7 shows the impact of injected polymer concentration on
the bottom-hole pressure transient behavior. It can be observed
that the pressure and its derivative curves in the transitional flow
section shift upwards, and the range of bilinear flow shortens with
the increase in the injected polymer solution concentration. The
water phase viscosity increases in the near-well zone as the in-
crease in polymer solution concentration, which leads to larger
pressure loss.

Water saturation is one of the key influence parameters for

Petroleum Science 21 (2024) 343—351

oil—water two-phase flow pressure transient analysis, which differs
with classical well testing analysis where single-phase flow is
generally assumed. It can be concluded from Fig. 8 that the pressure
and its derivative curves shift downwards after wellbore-storage
regime with the increase in water saturation. As we all know, the
water-phase relative permeability increases, and the oil-phase
relative permeability decreases as the increase in water satura-
tion. Due to the fact that the water viscosity is much less than oil,
the increase in water mobility is much greater than the decrease in
oil mobility, resulting in the increase in total mobility. Therefore,
the pressure loss is reduced as the increase in water saturation.

4. A field case

A polymer flooding fracturing well is presented in this part to
illustrate the applicability of the methodology. The formation and
fluid parameters are provided in Table 2. No faults or bottom water
are identified near the well. The block was converted from water
flooding to polymer flooding in September 2019, and the injection
well was shut in 70.29 h for pressure fall-off test on April 19, 2021.
Considering that neighboring production wells had already started
producing polymer, the initial polymer concentration in the
reservoir was assumed to be close to the polymer concentration in
the neighboring production wells. The measured bottom-hole
pressure data is shown in Fig. 9. Different theoretical well test
curves are calculated to match the measured pressure data until the
matching accuracy meets the requirements by adjust the parame-
ters, including wellbore storage coefficient, matrix permeability,
fracture half-lengths and conductivities in the near- and far-

Table 2

Basic parameters of the fall-off test for polymer flooding fracturing well.
Parameter Value
Porosity, % 15.8
Rock compressibility, MPa~" 127 x 1073
Formation thickness, m 19.5
Well radius, m 0.07
Initial water saturation, % 71
Water viscosity, mPa s 0.99
Oil viscosity, mPa s 5.84
Water compressibility, MPa~' 15x 1074
0il compressibility, MPa~! 2.1 x1073
Water volume coefficient, m?/m> 1.001
0il volume coefficient, m*/m> 1.174
Injection flow rate, m?/d 42
Injected polymer concentration, kg/m> 0.6
Polymer concentration produced by adjacent production well, kg/m?3 0.37

10

(C)

o

Data
This model

Pressure, MPa

T T T T
102 101 100 10 102

Time, h

10

(b)

Pressure, MPa

o

Data

Polymer flooding fracturing well with
uniform fracture conductivity model

T T T T
102 1071 100 10 102

Time, h

Fig. 9. log—log matching plot. (a) This model; (b) Polymer flooding fracturing well with uniform fracture conductivity model.
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Table 3
Comparison results of the polymer flooding well with uniform and un-uniform fracture conductivity.
Results This model Polymer flooding well with uniform fracture conductivity model
Wellbore storage coefficient, m*/MPa 0.76 0.76
Fracture half-length in the near-wellbore section, m 9.4 /
Fracture half-length in the far-wellbore section, m 37.6 /
Total fracture half-length, m 47.0 295
Fracture conductivity coefficient in the near-wellbore section, pm? m 360 590
Fracture conductivity coefficient in the far-wellbore section, pm? m 170 590
Matrix permeability, 10~ pm? 18 17

wellbore sections, and so on. To decrease the multiplicity of the
interpretation, we first need to confirm the determined parameters
(e.g. the parameters presented in Table 2), and uncertain parame-
ters (e.g. fracture half-length, fracture conductivity, permeability,
and so on). Then, the parameter ranges are defined to constrain the
uncertain parameters. Finally, the interpretation results should be
checked according to the well-known results (e.g. the average
permeability, maximum fracture length, and so on). The log—log
matching plot is shown in Fig. 9(a) and the interpretation results
are provided in Table 3. For comparison purpose, the polymer
flooding fracturing well with uniform fracture conductivity model
(Wang et al., 2023) is also applied to interpret the pressure data.
The pressure matching plot is shown in Fig. 9(b) and the results are
provided in Table 3. It can be observed that the interpreted fracture
half-length is 29.5 m by polymer flooding fracturing well with
uniform fracture conductivity model, which is much smaller than
the designed fracturing half-length (50 m), even though it also has
a good matching effect in Fig. 9(b). However, the model proposed in
this paper yields a more reasonable fracture half-length of 47 m,
including 9.4 m near-wellbore fracture and 37.6 m far-wellbore
fracture. This value is more consistent with the designed frac-
turing half-length. In the previous model, the pressure transient
analysis method for polymer flooding fracturing well is established
by considering the complex characteristics of polymer solution and
oil-water two-phase flow. We have shown that the matrix
permeability obtained by the model is closer to the true value than
conventional fractured well which assumes single water-phase
flow. In this paper, we work step further by considering the non-
uniform feature of hydraulic fractures based on the previous
model, which achieves the segmented characterization of high- and
low-conductivity fracture in the near- and far-wellbore section,
respectively.

5. Conclusions

(1) The pressure transient method of non-uniform conductivity
fracture well in viscoelasticity polymer flooding is estab-
lished based on the theory of oil-water two-phase flow,
which considers the comprehensive effects of shear thick-
ening, shear thinning, convection, diffusion, adsorption
retention, inaccessible pore volume, and reduced effective
permeability in polymer flooding. A hybrid grid system,
including PEBI mesh and Cartesian grid, is applied to solve
the partial differential flow equations and derive the type
curves.

(2) Compared with the polymer flooding well with uniform
fracture conductivity, the model presented in this paper ex-
hibits an upward pressure and pressure derivative curve af-
ter the transitional flow regime, a shortened duration of the
bilinear flow regime, and an earlier entry into the linear flow
and radial flow regimes. This characteristic becomes more
pronounced with the increase in the fracture length or the
decrease in fracture conductivity in the far-wellbore section.
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The differences in the linear flow regime cause the fracture
parameters obtained by the polymer flooding well with
uniform fracture conductivity model to deviate from reality.

(3) Results from the pressure fall-off test in the polymer flooding
fracturing well show that the fracture half-length obtained
by the model proposed in this paper is more consistent with
the designed fracturing length, further confirming the reli-
ability and practicality of the polymer flooding fracturing
well testing analysis method. It achieves a quantitative
segmented characterization of the near-wellbore section
with high fracture conductivity and the far-wellbore section
with low fracture conductivity.
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