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The polymer solution flow in porous media is a central research topic related to hydraulic fracturing
measures, formation damage and fracture propagation. Influenced by molecular weights and concen-
trations, various flow patterns of polymer in pores are presented, resulting in different filtration loss. In
this work, the effectiveness of various polymer solutions for filtration loss was assessed by utilizing the
core flooding experiment firstly. The result shows that lesser filtration loss normally is inextricably linked
to solutions with high molecular weight and concentration. Subsequently, the flow behaviors of polymer
solutions investigated by designed micro pore-throat structure and micro-particle image velocimetry (-
PIV) further confirmed the above result. It was found that the central convergent flow pattern benefiting
from higher viscous force loss and less filtration loss was observed at high flow rates (0.5 mL/h), and
higher molecular weight and concentration were more prone to convergent flow patterns. The viscosity
force loss increases by about 4 times varying the molecular weight of polymer from 5 x 10° to 18 x 106 g/
mol or the concentration from 0.05 to 0.3%. It interprets higher molecular weight and concentration in
core studies and field observations with decreased filtration loss of HPAM. This work provides a theo-
retical foundation for the application of fracturing fluids as well as fresh perspectives on how to access

the filtration loss of fracturing fluids.
© 2023 Southwest Petroleum University. 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

and gas [4,5]. However, because of the small matrix and consider-
able seepage resistance, exploitation of unconventional oil and gas

With economic development, the requirement for petroleum has
increased rapidly in the past few years [1—3]. Unconventional oil
and gas resources are abundant, such as tight oil and gas shale oil
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resources requires artificial fracture measures to achieve economic
oil and gas flow [2]. Compared to the reserves, unconventional oil
and gas resource production is negligible [6]. Hydraulic fracturing
technology has proven effective for enhancing oil recovery [7—9],
and fracturing fluids are crucial for determining the fracturing effect
[10—12]. The flow properties of fracturing fluids in the porous me-
dium of the reservoir can influence the filtration and flow back of
fracturing fluid and oil-water displacement [13,14]. Exploring the
flow characteristics of fracturing fluid is a long-term question.
Core flooding is a common physical simulation method for
studying porous media flow [15,16]. Deghanpour [17] utilized core
experiments to investigate how filtration is impacted by the
rheological characteristics of viscoelastic fluids. The results
demonstrated that the polymer solution's increased elastic
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characteristics decreased filtration loss. Despite this approach can
nevertheless acquire macroscopic results like pressure drop and oil
output, the flow properties in the pore structure are not measur-
able. The recent development of microfluidic devices introduces a
novel idea for directly studying fluid flow behaviors in micropore
units [18—21]. The velocity field of a viscoelastic fluid has been
quantitatively investigated in recent research [22,23]. Jagdale et al.
[24] experimentally studied the effect of fluid rheological proper-
ties on non-Newtonian flow in microchannels. They summarized
each viscoelastic fluid's flow patterns and vortex development in
the dimensionless Wi — Re and %L — Re parameter spaces. In
addition, the flow of polyethylene oxide solutions through pre-
pared micropores was investigated by Rodd et al. They demon-
strated the mechanism of inertial-elastic flow influenced by PEO
concentration [25]. The rheology of polymer influences the flow of
polymer in porous media, but the influence mechanism is not clear.
In this work, hydrolyzed polyacrylamide (HPAM) solution, one of
the representative hydraulic fracturing fluid systems [26,27], which
has the advantages of low formation damage and low cost [28], was
used. Filtration tests of the real rock samples by changing molecular
weight and concentration of polymer were performed to compare
filtration loss of fracturing fluid with different molecular weights and
concentrations. Then, a continuous micro-diverging-converging
structure is used for microfluidic investigations, where the flow
patterns of HPAM solutions are examined and contrasted with those
of a Newtonian fluid. The influence mechanism of molecular weight
and concentration of polyacrylamide on its flow in porous media
further illustrates the results of the filtration model experiment.

2. Materials and methods
2.1. Microchannel design

The specified microfluidic channel was constructed using preci-
sion milling on a polymethyl methacrylate (PMMA) plate. Another
PMMA plate is secured with a dense screw connected to the
designed PMMA plate. An injection point, an outflow point, two
pressure measurement points, and two pore units made up a
microchannel. (Fig. 1). This design made the experimental fluid
stable when it reached the pore units. Upstream and downstream of
the pore unit were contraction-expansion and expansion-
contraction structures, respectively. To get accurate flow rates from
0.05 ml/h to 10 ml/h, the solution at the intake was connected to a
Hamilton syringe and the syringe was propelled by a Harvard pump.
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Fig. 1. Design of the microchannels (a) and (b).
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2.2. Fluid rheological characteristics

Polymer solution with various molecular weights was prepared
in our investigation, while a Newtonian solution served as the
contrast. Hydrolyzed polyacrylamide (HPAM) with molecular
weights of 5 x 108 g/mol, 8 x 10° g/mol, and 18 x 10° g/mol was
used as the main agent of viscoelasticity fluid. The 55 wt% glycerol
water solution was employed as the control group fluid with a
viscosity of 6 mPa-s. The viscosity of the selected glycerol-aqueous
solution system was similar to that of the polymer solution at
170 s~! shear rate. The rheological properties (Steady shear vis-
cosity, Viscoelastic modulus) were measured using HAAKE MARS
60 Rheometer.

2.3. Dimensionless parameters

The Reynolds number (Re) is the similarity criterion number to
characterize the viscous effect in fluid mechanics [29]. The defini-
tion of Reynolds number (Re) is:

Re_PVpDn _ 20Q (1)
o (Wp+h)m,
Here, the hydraulic diameter D, = \31/‘2/1?1

The Deborah number (De) is the ratio of a solution's relaxation
time to the flow's detention duration [30]. The definition of
Deborah number (De) is:

A MQ

De =1 h7Q ~ wylh

(2)
Each parameter unit and its physical meaning are listed in
Table 1.

2.4. Filtration experimental design

The core data used in the four groups of experiments were
shown in Table 2. The cores were initially soaked for 24 h with
simulated formation water (Parameters are listed in Table 3). Fig. 2
showed the flowchart for the filtration loss experiment. The
stainless steel tubing was filled with simulated formation water,
and the core was put into the core holder. Then, the injection
pressure was kept at 3.8 MPa while 9 MPa was chosen as the core
holder's confining pressure. The first droplet that entered the
measuring cylinder marked the commencement of filtration
starting. Different time points (1, 4, 9, 16, 25, and 36 min) and
related filtration volumes were recorded in order to calculate
filtration loss.

Table 1
Parameter list.

Parameter Physical meaning

We (um) Width of the channel

W, (um) Width of the pore

Re Reynolds number

De Deborah number

p (g/cm?) Solution density

Dp, (um) Hydraulic diameter

7p (mPa-s) Shear-viscosity

Vp (m/s) Average flow velocity in a pore channel
h (um) Hight of the channel

A1 (s) Relaxation time
G’ (Pa) Storage modulus
G” (Pa) Loss modulus
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Table 2
Core property.
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Core No. Fluid Length (mm) Diameter (mm) Porosity (%) Permeability (mD) Saturation (%)
1 HPAM 1 49.02 25.50 18.04 14.3 85.32
2 HPAM 2 49.40 25.50 17.41 14.3 85.57
3 HPAM 3 48.24 25.30 18.56 14 86.51
4 Newtonian fluid 50.00 25.30 24.41 14 80.35
Notes : HPAM 1 - Concentration is 0.05 wt% and molecular weight is 8 x 10° g/mol.
HPAM 2 - Concentration is 0.05 wt% and molecular weight is 18 x 10° g/mol.
HPAM 3 - Concentration is 0.3 wt% and molecular weight is 8 x 10° g/mol.
Newtonian fluid - Glycerol aqueous solution with a concentration of 55 wt%.
Table 3
Parameters of simulated formation water.
Composition Ca’* Mg?* Na* K* cl- Total
Concentration (mg-L™") 1985.95 1136.84 21646.13 10489.60 49745.16 85003.69

Stainless steel tubing
[ Teledyne ISCO |
Le—

= R T

Constant-pressure pump

! Six-way valve Fracturing fluid container

Two-way valve

Core holder

Graduated cylinder

Fig. 2. Flow chart of filtration performance evaluation experiment.

2.5. Flow pattern determination method

Microparticle image velocimetry was served to quantitatively
measure the flow field in the pore structure. Fluorescent particles
mainly composed of polystyrene were blended into the experi-
mental fluids. The laser illuminates the fluorescent particles, and
the high-speed camera exposes the moving position of the fluo-
rescent particles twice. The computer calculated the instantaneous
velocity of particles in the whole field. The delay time (dt) between
selected laser pulse pairs depended on the efficient movement of
illumination particles about 8 pixels, enabling more precise calcu-
lation. The motion vector diagram of the fluorescent particles could
be transformed into the flow field of the whole fluid in the region
because the fluorescent particles were flowing with the fluid.

3. Result and discussion
3.1. Filtration loss of Newtonian fluid and HPAM solution

The rheology measurement result (Steady shear viscosity,
Viscoelastic modulus) was shown in Fig. 3. The relaxation time Aq
was defined as the reciprocal of the intersection frequency of loss
modulus and storage modulus [31]. And it referred to the time
required for polymer molecules to change from a non-equilibrium
state to an equilibrium state. According to Fig. 3(b), the relaxation
times can be obtained, are 2.22, 1.20, and 0.88 s in turn.

The calculation formula of experimental filtration coefficient (C)
was as follows:
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Fig. 3. (a) Shear viscosity curve of the HPAM solutions (b) Curve of viscoelastic
modulus test.
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C=0.005 x m/A (3)
where, C is the filtration coefficient of fracturing fluid, m/min"%; m
is the slope of the filtration curve, ml/min]/z; A is the acreage of the
core, cm? [32].

The cores used for the core displacement experiment had
similar properties (porosity, permeability, and saturation). The
slopes of the filtration loss curves are 1.19, 0.65, 0.47, and 0.25 ml/
min'/?, respectively, as illustrated in Fig. 4. The filtration coefficient
is 6.07 x 10~* m/min'/? for the Newtonian fluid for the cores with
the permeability of 14 pm? and 3.32 x 1074 2.40 x 1074, and
1.28 x 10~* m/min'/? for HPAM1, HPAM2, and HPAM3 for the cores
with similar permeability. The filtration coefficient C of these two
types of fluids differ even though their viscosities are the same at
shear speeds of 170 s~ L. Different fracturing fluids' filtering abilities
cannot be adequately assessed by viscosity. Performance of
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Fig. 5. (a) Flow patterns images of the glycerol-water solution in the pore structure. (b) Curve of velocity in y direction at x = —200 pm.
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filtration is also significantly influenced by elastic properties and
pore unit flow patterns.

3.2. Flow pattern of HPAM solutions

3.2.1. Flow pattern of Newtonian fluid

The velocity field of the glycerol-water solution (one type of
Newtonian fluid) in the designed pore structure was shown in
Fig. 5. Newtonian fluid had the same flow patterns with the in-
crease in flow rates. The change of injection flow rates only affected
the maximum velocity of the Newtonian fluid in the pore structure.
Glycerol aqueous solution only had two kinds of small molecules
merely, glycerol and water, and its viscosity would not change with
shear rate. The dimensionless velocity components in the Y direc-
tion were in close proximity to one another with an increase in Re
from 4.57 x 1073 to 0.457.

The flow pattern of Newtonian fluid was as follows: The ve-
locity was composed of the velocity components in the x-axis and
Y-axis direction at the joint of the channel and throat. With the
development of flow, the velocity at the middle part of the throat
decreased gradually, and the flow velocity was mainly in the x-
axis direction and had little change. Then the streamline gradually
converged from both sides to the centerline, and the center ve-
locity increased and the velocity decreased on both sides. Finally,
the maximum flow velocity was reached at the junction of the
channel and throat. The alteration in the glycerol aqueous
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solution's flow pattern accorded with the explanation of classical
hydrodynamics.

3.2.2. Effect of polymer molecular weight

Fig. 6 illustrated the velocity field of HPAM solution with
different polymer molecular weights (5 x 10° g/mol, 18 x 10° g/
mol) in the pore structure. Low flow rate velocity fields resembled
the velocity field of the Newtonian fluid. The streamline was
divergent upstream of the pore structure and then gradually shrank
down to the centerline downstream. The velocity field of HPAM
solutions and that of Newtonian fluid, however, differed in some
aspects. The streamline of the HPAM solution shrank to the
centerline earlier downstream. The velocity field of the HPAM so-
lution altered differently from the Newtonian fluid with an increase
in injection flow rates. The flow pattern of HPAM maintained the
center convergence from intake to outlet when the injection ve-
locity was larger than 1 mL/h.

Additionally, no velocity component exists in the y-direction,
just along the x-axis. The velocity along the centerline was rela-
tively high compared to that away from the centerline. The long-
chain molecules of the polymer were unable to be fully stretched
in the direction vertical to the flow direction when the polymer
solution converged to the divergent-shrink structure at a high flow
rate, leading to no discernible expansion of the streamline. That is
to say, the classical viscoelastic fluid naturally tended to maintain
the original flow patterns.
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Fig. 6. (a) Flow patterns images of the polymer solution with a molecular weight of 500 x 10° g/mol in the pore structure. (b) Flow patterns images of the polymer solution with a

molecular weight of 18 x 10° g/mol.
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The change of velocity field of HPAM with different molecular
weights was similar, but there were still differences. It could be
seen from the previous paragraph that the flow pattern of HPAM
solutions would change from divergent to central convergent
after reaching a critical flow rate. The flow pattern of HPAM so-
lution with a molecular weight of 18 x 10% g/mol changed from
divergent to central convergence at a lower flow rate
(Q = 0.2 mL/h), while the HPAM solution with a molecular
weight of 5 x 10° g/mol changed at Q = 0.5 mL/h. The larger the
molecular weight of the polymer was, the longer the molecular
chain segment was, polymer molecule was easier to form a coil. It
was more inclined to maintain the original flow state when
passing through the pore throat. Therefore, the critical velocity of
flow regime transition of the high molecular weight polymer
solution was lower.

3.2.3. Effect of polymer concentration

The velocity fields of HPAM solutions with different polymer
concentrations (0.05 wt%, 0.3 wt%) in the pore unit were tested
in this study. The HPAM flow pattern change as the polymer
molecular weight increased in Fig. 7 was comparable to the
HPAM flow pattern change as the polymer concentration
increased in Fig. 5. With the increase of flow rates (Q) from
0.1 mL/h to 0.5 mL/h, the Re increases by 4 times. The flow of
the HPAM solutions in the pore structure was steady laminar
flow with Re under 2000. However, similar to the effect of
polymer molecular weight, the flow pattern of HPAM solution
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changed from divergent to central convergent. The width of the
flow pattern was stable and slightly wider than the pore throat.
Also, the higher the polymer concentration was, the lower ve-
locity of flow pattern transition was.

3.3. Velocity profile in pore unit

3.3.1. Comparison of polymer solutions with different molecular
weight

To demonstrate the velocity variation between the solutions
with various molecular weights at the same x-direction
(X = 200 pm), three flow rate settings were chosen to obtain flow
field data in the pore structure, as shown in Fig. 8. The x-direction
was chosen to make it easier to find differences in the flow fields of
different systems.

The velocity profiles are broadly unchanged for the Newtonian
fluid (black lines in Fig. 8) with varying flow rates, showing a
parabolic distribution. There is almost a velocity distribution in the
y-direction (y = —400 to 400 um). Moreover, the maximum velocity
was more significant than the minimum velocity. Visually, the ve-
locity distribution is relatively uniform.

The velocity distribution of HPAM solutions (red and blue lines
in Fig. 8) exhibited a single-peak state, essentially remaining un-
changed when the flow rate is more than 1 ml/h. In addition, the
majority of the velocity was dispersed in a fixed zone (y = -100 to
100 pm), and the center velocity line was where the highest ve-
locity was concentrated. The velocity distribution was quite
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Fig. 7. (a) Flow patterns images of the polymer solution with a concentration of 0.05 wt% in the pore structure. (b) Flow patterns images of the polymer solution with a con-

centration of 0.3 wt%.
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Fig. 8. Curve of velocity distribution in y direction of the solutions flowing through the
pore structure (x = 200 um) at flow rates (a) Q = 0.1 ml/h, (b) Q = 0.2 ml/h, (c)
Q = 0.5 mi/h.

extensive when the flow rate was smaller than 1 mL/h. The velocity
distribution of HPAM solution with molecular weight of 5 x 106 g/
mol is fromy = —200 um to y = 200 um when Q = 0.1 ml/h. The
HPAM solution with a molecular weight of 18 x 10® g/mol has the
same characteristics as the above solution. However, the velocity
distribution of HPAM solution with molecular weight of 18 x 10° g/
mol shrunk significantly (y = —100 to 100 um) different from the
5 x 10° g/mol when Q = 0.2 mL/h. According to Newton's law of
internal friction, viscous force loss of the HPAM solution with a
molecular weight of 18 x 10° g/mol is nearly 4 times greater than
that of the 5 x 10° g/mol.

In summary, the velocity profile is the quantification of the
flow pattern. The critical velocity for the contraction of the
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pore structure (x = 0 pm) at flow rates (a) Q = 0.1 ml/h, (b) Q = 0.2 ml/h, (c) Q= 0.5 ml/
h.

velocity distribution of the HPAM solution with high molecular
weight is smaller, in addition, greater viscous force loss will be
produced when the HPAM solution passes through the pore
unit.

3.3.2. Comparison of polymer solutions with different concentration
Fig. 9 showed the velocity profile of the HPAM solutions with
different concentrations at x = 0 um. The velocity profile of New-
tonian fluid at x = 0 pm Kkept a good resemblance with the area at
x = 200 pm. No apparent velocity aggregation is found. As Re
increased further, the velocity profiles of HPAM solutions with
different concentrations were similar, remaining single-peak
shape. The overall trend observed in Fig. 9 is that the speed line
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Fig. 10. Pressure drop test chart of different systems.

of the HPAM solution with a higher concentration (0.3 wt%) shrunk
at a lower value of Re. Moreover, the loss of viscous force increased
by 4.85 times with the solution concentration increased by 0.25 wt
%, which was conducive to the hydraulic fracturing operation.

3.4. Pressure drop in pore structure

The pressure drop of two pressure measuring points caused by
each solution through the channel was measured individually, and
its correlation with flow rate was studied. Fig. 10 demonstrated that
the pressure drop of each system was not noticeably different when
the flow rate was less than 1 ml/h, and the flow pattern of the
polymer solutions was comparable to that of Newtonian fluid un-
der the same conditions. The Newtonian fluid pressure drop and
flow rate exhibited a linear connection, with a constant slope of
0.62 in accord with the Darcy seepage law. The slope of polymer
curve changed obviously when the flow rate exceeded 1 mli/h.
Under the identical circumstances, the polymer flow pattern shif-
ted from divergent to central convergent.

For all flow patterns, the flow velocity close to the inlet and
outlet of the microchannel increased significantly and the
streamline was obviously concentrated, because of the change of
flow section area. Polymer solutions had distinctive viscoelasticity
in comparison to Newtonian fluid, which lead to the additional
pressure drop. As a result, contraction flows formed by polymer
systems farther from microchannel exits were made easier. The
flow patterns of polymer solutions in the pore structure displayed a
sever contraction and the flow line was limited to a rectangular area
from the entrance to the exit. The polymer system passed through
the pore structure at a high flow rate, with almost no velocity
component perpendicular to the flow direction, making it easier to
pass through and resulting in lower filtration loss.

4. Conclusion

In this study, rheological experiment, filtration performance
evaluation experiment, microfluidic experiment and pressure drop
test were conducted in this work to investigate the difference be-
tween the flow characteristics of polymer solution and Newtonian
fluid, as well as the influence mechanism of molecular weight and
concentration on the flow properties of polymer solution in porous
media.
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Based on the findings of the above experiments, Based on the
findings of the above experiments, the following conclusions were
reached.

(1) Filtration losses of HPAM solutions are lower than that of
Newtonian fluid, even though they might share similar
shear viscosities at the same shear rates. It might not be
accurate to anticipate filtration loss solely based on vis-
cosity data.

(2) The HPAM solution's flow patterns were considerably
different from those of Newtonian fluid. The flow pattern of
Newtonian fluid stays divergent all time. The streamline of
HPAM solution was divergent under low shear rates. How-
ever, the streamline maintained the contraction from inlet to
outlet when a critical flow rate was reached.

(3) Increasing the molecular weight or concentration of HPAM
solution causes the enhancement of molecular network
structure strength, reduction of relaxation time, and the
critical flow velocity for flow pattern transition. The pressure
drop between the inlet and outlet is obviously increased,
contributing to the lower filtration losses.

In addition, this study offers a straightforward and affordable
measure to assess the filtration capabilities of various fracturing
solutions. It can be used as a useful addition to traditionally
expensive core tests.
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