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Abstract
Polymer solutions see broad applications in hydraulic fracturing, enhanced oil recovery, conformance
control, and groundwater remediation. However, due to the high viscosity of polymer solutions, flows after
polymer injection are often subjected to significant pressure build-up, the mechanism of which is not well
studied, especially on the effect of distribution of fluids in the pores.

In this study, we used microfluidics micromodels to visualize the distribution of fluids in porous media.
NOA81 micromodels with close-to-real-rock pore dimensions were fabricated and used for simulating
flooding experiments. Relative permeability was measured at steady-state flow rates and injection pressures.
Then, fluid distribution was analyzed using microscopy image analysis.

We observed that the distribution of fluids in a porous medium has a direct impact on the pressure drop.
The relative permeability of water and oil after polymer flow was disproportionally low, which is consistent
with core flooding experiments. The increase in the pressure drop due to polymer trapping can be correlated
to occupancy, orientation and alignment of pore channels. A mathematical model was developed to describe
the correlation between pore-scale fluid distributions and the end-point relative permeability; it can be used
for understanding and enhancing oil/water flows during/after polymer injections.

Introduction
Despite emerging renewables and clean energies, oil and gas demand are expected to keep increasing till
at least 2040 (IEA, 2021). Steep reduction in oil and gas discoveries and depletion of existing reservoirs
have created a challenge to meet the global energy demand (Rystad Energy, 2021). Most of the major oil
and gas reservoirs have passed their primary recovery and are currently at secondary or tertiary recovery
stages. Primary and secondary recoveries typically produce up to 40% of the original oil in place (OOIP).
Tertiary recovery can provide an additional 10-40% of OOIP depending on characteristics of the reservoir
and employed enhanced oil recovery (EOR) technology. One of the main objectives of the EOR process
is mobilization of trapped or bypassed oil left from primary production and secondary waterflooding or
gas flooding. There are estimated 375 EOR projects worldwide and production from EOR projects is
expected to triple by 2040 (IEA, 2018). Growing fossil energy demand could also be met by unconventional
hydrocarbon resources. Recent advances in multistage hydraulic fracturing of tight and shale oil and gas
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reservoirs demonstrated that unconventional resources could supply a significant amount of hydrocarbon
production (Meisenhelder, 2013).

Polymer flooding as an important tertiary EOR method is well established. It has more than 50 years
of history of field scale applications (Alvarado, 2010) and is the most used chemical EOR method to date
(Rellegadla et al., 2017). While other chemical EOR methods aim to reduce residual oil saturation by
reducing interfacial surface tension and altering wettability, the focus of polymer flooding is to improve the
sweep efficiency of the oil by reducing the mobility ratio between the displacing and the displaced fluids.
Mobility ratio is the ratio of displacing fluid's mobility to displaced fluid's mobility. Fluid mobility itself is
the ratio of the relative permeability of a fluid to its viscosity (Ahmed and Meehan, 2011). Mobility ratio
greater than one is considered unfavorable. It would cause viscous fingering of the displacing fluid. Mobility
ratio less than one, on the other hand, is considered favorable and it would provide a high sweep efficiency
(Green and Willhite, 1998). Reduced mobility of the displacing fluid is achieved by increasing its viscosity
using high molecular weight polymer additives. Commonly used chemicals for polymer floods include
partially hydrolyzed polyacrylamide (HPAM), biopolymers, and synthetic derivatives (Pu et al., 2017).
The viscosity of injected polymer ranges from 10 cP to 300 cP. HPAM polymer solutions like many other
polymer solutions have shear thinning behavior, which means that their viscosities increase with decreasing
shear rate (Delshad et al., 2008). However, it is also reported that HPAM polymers can demonstrate shear
thickening behavior at very high flow velocities that might occur at injection wellbores (Maerker and Sinton,
1984). "Quality" of polymer depends on concentrations of polymer in solution, degree of hydrolysis, salinity,
temperature, and pH. (Needham and Doe, 1987). "Quality" of polymer flooding depends additionally on
retention and adsorption of polymer in porous medium (Wang et al., 2020). It was estimated that retention
contributes up to 64% of trapped polymer in porous medium (Manichand and Seright, 2014). Trapped
polymer could irreversibly block flow channels and cause injectivity issues. Polymer solutions are also used
in near-wellbore treatments, in which hydraulic fracturing specifically accounts for an enormous amount
(Muntasheri, 2014). Other near-wellbore applications, such as mobility control, flow diversion, and well
conformance control, only use relatively small volumes of polymer. Hydraulic fracturing is a process in
which viscous fluids are injected into a formation to create one or a number of hydraulic fractures that
increase the flow area for the reservoir oil/gas. Functions of polymer additives used in fracturing include
increasing viscosity at low shear rates to facilitate proppant transport and reducing friction at high shear
rates to help transport in pipes and wellbores (Powell et al., 1999). Common polymer additives used in
fracturing operations are biopolymer guar, hydroxypropyl guar, and carboxymethyl HPG (Guo et al., 2012).
Currently, many hydraulic fracturing fluid systems (e.g., slickwater and friction reducers) have low (3-10 cP)
to moderate viscosities (20-50 cP) (Tariq et al., 2019). Plugging of pores by polymers impairs permeability
at fracture surface, leading to formation damage that reduces the subsequent flow of hydrocarbons. Hence,
limited polymer use is usually suggested (Yand et al., 2019). In this study we will also experiment with
polymer flows in the setting of hydraulic fracturing, where polymer retention in porous medium is also an
issue of concern.

Laboratory study of polymer flooding traditionally is conducted using core flooding. Core flooding
provides valuable information on permeabilities, relative permeabilities, saturation changes, and fluid-fluid
and rock-fluid interactions. Cores could be obtained from reservoirs or outcrops. Additional measurements
could be conducted to visualize in-situ fluid displacement behavior. These measurements include micro-
CT imagery (Oren et al., 1998), nuclear magnetic resonance (NMR) scanning (Saraf and Fatt, 1967), and
chemical tracing (Su et al., 2021). The finest in-core resolution could be a few microns through micro-CT
imaging. However, it is not a direct visualization of the fluid interactions, rather a computational analysis
of densities in 3D reconstructed porous medium (Adebayo, 2021). Additionally, even at this resolution,
many fine details of microscopic displacement, such as contact angle, could not be well revealed. As
such, most core floodings are still considered to be focused on macroscopic displacement parameters and
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unable to provide details of microscopic displacement. In this regard, studies conducted using transparent
micromodels have provided better data and insight on pore scale polymer distribution and flow.

The need to directly observe multiphase flows generated an interest to develop transparent porous
media medium analogs from early 1950s. First micromodel porous medium devices were made from glass
beads. Initial applications were to study flow patterns (Chatenever and Calhoun, 1952) and influences of
injected wetting agents (Micheals et al., 1964). Improvements in micromodel fabrication techniques added
possibility of making devices with controllable porous medium properties and complexity. Wardlaw (1982)
studied the effects of pore geometry, wettability, and surface tension on oil trapping. Arriola et al. (1983)
studied oil droplet trapping and mobilization in surfactant flooding. Campbell and Orr studied CO2 crude
oil displacement in etched glass micromodels. He et al. (2017) investigated fluid invasion and flowback
in liquids-rich shale formations using NOA81 micromodels. Yun et al. (2020) studied surfactant EOR in
calcite coated micromodels.

On visualization of polymer flooding, Heshmati et al. (2007) used a glass micromodel with different
permeability layers. Fitiz et al. (2008) studied viscous oil displacement with associative polymers using
silicon micromodels. Authors concluded that associative polymers had better displacement comparing to
low concentration conventional polymers due to their higher viscosity. Meybodi et al. (2011) visualized
polymer flooding in oil-wet and water-wet micromodels and analyzed pore-to-pore sweep of oil phase.
Abedi et al. (2012) conducted polymer flooding in glass micromodels and investigated fracture orientation
on recovery factor. Clarke et al. (2015) studied polymer viscoelastic effects on displacement efficiency and
observed elastic turbulence phenomenon. Lacey et al. (2017) conducted a micromodel study on the effects
of pore and grain size in polymer flooding. Rock et al. (2017) used glass-silicon-glass micromodels and
conducted streamline visualization and flow pattern analysis of viscoelastic polymers. Authors concluded
that elastic turbulence plays a significant role in polymer flow through porous medium. Knobloch et al.
(2018) studied polymer retention mechanisms using fluorescein sodium salt during polymer flooding. Tahir
et al. (2020) coupled micromodel flooding and core flooding to investigate recovery mechanisms. Authors
were able to observe visually recovery mechanisms and fluid-fluid interactions during sulfate injection.
Jacinta et al. (2021) performed CFD simulation of micromodel EOR polymer flooding. Swadesi et al. (2021)
studied polymer injection in PMMA micromodels. Authors used different polymer concentrations and
flow rate to analyze the displacement efficiency. Qi et al. (2022) investigated conformance control during
polymer flooding using silican-glass micromodels. All EOR micromodel studies provide great insights
on polymer displacement in porous medium. However, only a few of them had comparable-to-real-rock
pore dimensions. Table 1 shows micromodel dimensions and measured permeabilities of polymer flooding
microfluidic studies. Also, most of the literature focused on describing displacement efficiency of polymer
solution by analyzing total saturation change. Only a few presented pressure changes in multiphase flows.

Table 1—Dimensions and permeabilities of polymer flooding studies

Authors Topic Micromodel properties

Fitiz et al. (2008) Viscous oil displacement with aqueous associative polymers Grain size 30-200 μm; channel height 25 μm; permeability
50 mD;

Meybodi et al. (2011) Microscopic displacement in water-wet and oil-wet media Grain size 2 cm; channel height 45 μm; permeability 1.3 D;

Abedi et al. (2012) Polymer flooding in fractured porous medium Channel height 70 μm; permeability 2 D;

Clarke et al. (2015) Polymer flooding displacement efficiency Grain size 50-150 μm; channel height 75 μm; Porosity
33.2%

Lacey et al. (2017) Effects of pore and grain size Grain size 0.6-1.6 mm; porosity 45%

Rock et al. (2017) Flow behavior characterization Grain size 77-82 μm; channel height 50 μm; permeability
3-4 D;

Knobloch et al. (2018) Permeability changes during EOR polymer flooding Pore size 182 μm; channel height 50 μm; permeability 1.1
D;
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Authors Topic Micromodel properties

Tahir et al. (2020) Sulfonated/polymer water injections Pore size 178 μm; permeability 13 D;

Swadesi et al. (2021) Polymer injection in homogeneous and heterogeneous
porous media Pore size 230 μm; permeability 23 D;

Qi et al. (2022) Polymer flooding conformace control Pattern depth 2.8-25 μm; Permeability 1.3-945 mD;

Materials and Methods

Micromodel fabrication
Fabrication of micromodel is based on photolithography and soft replica molding. A Voronoi tessellation
algorithm was used to generate porous media of 14% porosity with a uniform pore size of 6 μm. Then,
the designs were transferred to emulsion masks. Emulsion masks were used to etch the porous media
patterns onto silicon wafers. After UV curing, the silicon wafers were treated with AZ-300 developer to
clean uncured photoresist. Then, PDMS polymer was used to replicate the porous media patterns from the
silicon wafers using replica molding. After that, a second replica molding was conducted between PDMS
and NOA81 to transfer porous media patterns to NOA81, a UV-curable polymer. NOA81 micromodels
are resistant to organic solvents such as crude oil, an advantage over other microfluidic materials (Wagli
2010). It is impermeable to air and has high Young's modulus (Rezvani et al., 2018), allowing gas-liquid
experiments to be conducted and extended range of pressures. Additionally, flexibility in the fabrication
process allows one to create a uniform NOA81 inside surface, as illustrated in Figure 1, which is helpful in
simplifying the inside wettability condition of the micromodel. Insets (1) and (2) in Figure 1 demonstrate
the PDMS-NOA81 transfer step. After completion of pattern transfer, the flat side of the micromodel was
made following insets (3) and (4): NOA81 was dripped over a flat glass surface and then pressed using a
flat PDMS surface. In (2) and (4), UV exposure time was controlled to be at 60 seconds, such that both sides
of NOA81 were only semi-solidified and remained sticky. Then, PDMS was removed and the two sides of
NOA81 were bonded together by applying a light force, as illustrated by inset (5). The pressed-together
NOA device on glass was then exposed to UV for final solidification – inset (6). Inset (7) shows installation
of inflow/outflow tubing and securing of them using epoxy glue (JB-weld plastic bonder). After the tubings
(Tygon Microbore, 0.508 mm ID × 1.524 mm OD) were installed, the micromodel device was ready for use.
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Figure 1—NOA81 micromodel fabrication process. NOA81 to NOA81 half-curing bonding method (Kenzhekhanov 2016).

Figure 2 demonstrates porous medium patterns that were used in this study. Homogeneous pattern has
4.3 μm channels width and 10.6 μm channel depth. Porous medium has 14% porosity and 87 mD absolute
permeability. The inlet and outlet channels have 50 μm channel width and 25.3 μm channel depth. The
heterogeneous pattern has the same porous medium channels dimensions as homogeneous pattern but has
fractures with the same depth and width as the inlet and outlet channels. Table 2 presents the capillary
numbers and in-situ flow velocities of micromodel patterns.

Figure 2—Micromodel patterns

Table 2—Micromodel properties

Absolute permeability [mD] Capillary number In-situ velocity [μm/s]

Homogenoeus 87.1 7.76E-06 181

Heterogeneous 133.0 1.45E-04 226
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Experimental setup
In this study, constant-rate injection through a precision syringe pump (Harvard Apparatus 8800 PhD
Ultra) was used as the fluid displacement method. The superficial (Darcy) velocity that corresponds to the
injection rate of 50 nL/min is 26 μm/sec, which translates to 15.5 m/day of field-scale velocity. Pressure
during constant-rate injection was recorded by LabSmith uPS0250 pressure sensor. Figure 3 shows the
experimental setup.

Figure 3—Schematic of the experimental setup (left) and actual micromodel (right)

An optical method was used to determine the saturations of the phases in the micromodels. Saturations
were calculated by dividing the pixel counts of each phase by the total number of pixels in the pore space.
Pixel counts were measured at various stages of experiments. The saturation of oil at the point of water
breakthrough, specifically, defines the displacement efficiency.

Fluid properties
In single-phase flow experiments, we used only brine (2% KCl, DI water) to saturate the micromodel
and measure the absolute permeability. In two-phase flow experiments, brine and a crude oil (38° API)
were used. In flow experiments that involved polymer, HPAM polymer (0.5wt% SNF Flopaam AN 905
MPM) was dissolved in 7.5% NaCl solution. Brine and crude oil viscosities were measured using Cannon-
Fenske (size #50 and #150) capillary viscometers. Polymer solution viscosity was measured using a
Grace Instrument M3600 direct indicating (Couette) viscometer at various shear rates. Fluid densities were
measured using a volumetric method, where 1 mL fluid was weighed on a Mettler Toledo 54TE high
precision scale. These densities and viscosities are listed in Table 3.

Figure 4—Polymer solution viscosity at different shear rates.
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Table 3—Densities and viscosities of crude oil, brine, and polymer solution at 20°C.

Fluid Density, [g/cm3] Viscosity at 20°C, [cP]

Brine 1.011 1.10

Crude oil 0.835 16.1

Polymer solution 1.065 41.4

Contact angle measurements conducted over flat NOA81 surfaces (Krüss, DSA 100) showed overall
similar behaviors between polymer solution and brine to oil. Both are intermediate-wet with small
preferences towards oil-wet. There was, however, a slight difference: the brine-oil contact angle was 106°,
while that of the polymer solution and oil was 102°.

Image analysis
Images of micromodels during flooding were taken using an Amscope MU2003 camera, the resolution of
which is 5024 × 5024 pixels. The Amscope T490B microscope that the camera is connected to was usually
set at 4× magnification, which provides a field of view of approximately 5000 μm in diameter. In order to
cover the entire area of the porous media pattern, 15000 μm × 3000 μm, 7 images need to be taken. These
images were taken within a two-minute time frame. Cropped images were later stitched together using
ImageJ-Fiji image processing software (Fiji, 2020). The images taken when the micromodel was completely
saturated with brine were used as the reference. In oil saturation step, oil was injected into the micromodel
to displace water. The reduction in the number of black pixels (water was dyed blue using 2% wt. FD&C
1 dye) reflects the reduction in water saturation, as oil is colorless and is thresholded to white. After oil
saturation, the micromodel was waterflooded. The increase in water saturation is reflected by the increase in
the number of black pixels. In the end, the difference between the water saturation during waterflooding, Sw,
and the water saturation prior to water flooding, Swi, gives the recovery factor of oil. These two saturations
were specifically calculated as follows:

(1)

(2)

In all our experiments, Swi were established by injecting oil until the saturation of water no longer changes.
Swi is hence also the irreducible water saturation.

In multiphase flow image processing, injection fluid was selected using the color threshold function in
ImageJ, and then converted to binary to calculate its pixel count and saturation. Figure 5 shows a microscopic
image in which water is blue, crude oil is red (1% wt. Red O dye), and polymer solution is transparent.
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Figure 5—Microscopic image of multiphase flow at 40X magnification.

Color coding the fluids allowed us to measure the distribution of fluids. This distribution is a two-
dimensional probability distribution function n(θ, c)where θ is the angle of a pore channel relative to the
direction of flow (Figure 5) and c is clear for polymer solution, red for oil, blue for brine, and mixed when
the channel contains more than one fluid. After an image was taken, channels were counted to give n(θ,
c). Then, the distribution was coarsened four 30° wide bins that represent four main groups: aligned to the
direction of pressure drop and mean flow (0°), at angles (30° and 60°), and perpendicular to the direction
of pressure drop and mean flow (90°).

Figure 6—Quantification of fluid distribution. A – Microscopic view of channels and fluids
with angle measurements; B – Polar visualization of n(θ, c); C – n(θ,c)was coarsened into

four main groups based on orientation to the direction of pressure drop / mean flow.

Micromodel polymer and post-polymer flooding
Figure 7 shows the injection procedures for flooding experiments. Every flooding step was conducted at
50 nL/min flow rate. Permeability to the injected fluid was measured after steady injection pressure was
achieved. In the first set of experiments, brine and then crude oil were injected into the micromodels to
establish the initial reservoir fluid saturation. Then, in the first set of experiments, brine and then polymer
solution were injected to emulate waterflooding followed by polymer flooding. After polymer flooding,
waterflooding was repeated to assess the ability of the polymer-flooded medium in permitting subsequent
water flow. This sequence of flow is relevant to the situations of diversion, conformance control, and using
water to chase a slug of polymer solution in flooding. We call this set the EOR type. In the second set of
experiments, after water and oil saturations, polymer solution was injected without a pad of water flow. This
procedure was designed to simulate the interaction of a hypothetical polymer-laden hydraulic fracturing
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fluid with a fresh oil reservoir. After the flow of the polymer solution reached a steady state, brine or oil was
injected in the reverse direction to simulate the flowback of water and the production of oil after a hydraulic
fracturing treatment. We call this set the hydraulic fracturing (HF) type (Figure 7).

Figure 7—Sequence of fluid injections in the EOR type and the HF type of experiments.

Core flooding experiment
A core flooding experiment was conducted using a 4.5 cm long and 3 cm diameter sandstone core sample
(Figure 8). The core sample had 23% porosity and 3 mD permeability. The sequence of fluid flow was
identical to that of the EOR type of micromodel experiments. The core sample was flooded with brine
solution (75g/L NaCl) at 1 cm3/min flow rate to saturate the core with brine. Then, kerosene (viscosity = 1.64
cP) was injected into the core to reduce water saturation. After water saturation was reduced to minimum,
the core was waterflooded for 6 pore volumes at 0.1 cm3/min flow rate. After steady-state pressure was
reached, the polymer solution (0.5 wt% SNF Flopaam AN 905 MPM) was injected at 0.1 cm3/min flow
rate. After polymer flood, waterflooding step was repeated to observe the permeability change to water.

Figure 8—Left – sandstone core sample, right – core flooding experimental setup.

Results and Discussion

Micromodel and core flooding experiments
Figure 8 shows a pressure response from an EOR type of flooding experiment, conducted in homogeneous
and heterogeneous patterns. In the homogeneous pattern, during the single-phase flow phase of water
saturation, injection pressure was 4.5 kPa. At the end of the oil saturation phase, pressure was increased
to 103.5 kPa. At the end of the waterflooding phase, the pressure drop was 48.7 kPa, which was an 11-
fold increase compared with that of the single-phase flow. At the end of the polymer flooding phase, the
pressure drop was 255.3 kPa. For the water flow phase after polymer flooding, the pressure drop was 118.7
kPa, which was 26 times that of the single-phase flow and 2.5 times that of the first waterflooding. In the
heterogeneous pattern, the single-phase water saturation pressure was 3.9 kPa. At the completion of the
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oil saturation step, the injection pressure was increased to 103.6 kPa. At the end of the first waterflooding,
the pressure drop was 26.8 kPa. Polymer flooding increased the injection pressure to 235.4 kPa. Then, the
following water flooding step reduced the injection pressure to 65.1 kPa, which was 17 times that of the
single-phase flow and 2.4 times that of the first waterflooding.

Figure 9—Pressure data from a microfluidic polymer EOR experiment.

Figure 10 shows the pressure data obtained from HF type of flows in homogeneous and heterogenous
patterns. In the homogeneous pattern, the water flowback pressure drop was 48.9 kPa (Figure 10, left), which
was 11 times higher than single-phase water flow. Oil flowback experiment (Figure 10, right) demonstrated
1.5 times pressure increase between the pressure drop of the oil saturation step (95.2 kPa) and that of the oil
flowback step (150.4 kPa). In the heterogeneous micromodel, the pressure drop of water flowback (Figure
10, left) was 33.5 kPa, 9.5 times higher than that of the single-phase flow. The oil flowback pressure drop
was 89 kPa, 1.3 times higher than that of the oil saturation step.

Figure 10—Pressure data from microfluidic HF water (left) and oil (right) flowback experiments.

Figure 9 and Figure 10 show that after polymer flow, the permeabilities of the medium to water and
oil were significantly reduced in both geometries and in both types of flows. This is consistent with the
observation made in the core experiment. Figure 11 presents the pressure values registered during the
injection of 0.5 wt% HPAM solution into the core at residual kerosene saturation. In total, 7PVs of polymer
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solution were injected into the core. The inlet pressure stabilized at 15.66 MPa. Such high-pressure values
were expected, since at low shear rates the viscosity of polymer is around 40 times higher than that of brine.
The polymer injection pressure (15.66 MPa) was 40 times larger than the brine injection pressure (0.391
MPa) at the residual kerosene saturation. Using a pressure sensor placed in the middle of the core, it was
demonstrated (data not included here for brevity) that the pressure drop increased also in the middle of the
core, implying that the polymer has entered the core and did not screen out on the core face. Although the
degree of permeability loss to water after polymer flooding in the core experiment is more significant than
that in the microfluidic experiment, the trend is highly consistent.

Figure 11—Core flooding pressure data.

Correlation between increased pressure drops in post-polymer flows to fluid distributions
While, qualitatively, it is intuitive and straightforward to associate the increased pressure drops of water / oil
flows to polymer blocking, the detail of blocking has not been quantitatively measured. Figure 12, obtained
from microfluidic experiments of the EOR type shows the changes in fluid distributions after every step
of the flow. After the first waterflooding step in the homogeneous pattern, water distribution became 42%
in 90° and 32% in 0° bins of channels. At this state, the injection pressure increased from 4.5 kPa (single-
phase water flow) to 48.7 kPa (Figure 9). After the second, post-polymer, waterflooding, water distribution
became 14% in 0° and 30% in 90° bins of channels. At this state, the pressure drop of water flow increased
to 118.7 kPa. Clearly, there is a correlation between the increase in the pressure drop and reduction of water
fraction in the channels aligned to the mean flow (0° bin). The distribution of polymer solution after the
polymer flooding step was 57% in the 0° bin and 43% in the 90° bin. This shows that the flow path of
the polymer solution was more along the direction of the mean flow than along other directions. After the
second waterflooding, the fraction of polymer solution in the 0° bin was not significantly changed, indicating
that channels that are aligned with mean flow were effectively blocked (see also Figure 5). The fractions
of water in other bins increased, suggesting that in the second waterflooding water took more tortuous
pathways that consist, primarily, channels that are not aligned or even perpendicular to the mean flow. This
explains why the pressure drop of the second waterflooding increased compared with that of the first one.
In the heterogeneous pattern, micromodel had a higher irreducible water saturation due to its heterogeneity.
After the first waterflooding step, the water distribution was 40% in 0° and 32% in 90° channels. After
the second waterflooding step, like in the heterogeneous pattern, the reduction in the fraction of polymer
solution and the increase in the fraction of water in the 0° bin were very limited, indicate effective blocking.
The fraction of polymer solution in channels that are not aligned with the mean flow decreased, and that of
water increased. We note that the heterogeneity of this micromodel reduced injection pressures by 20-30%
in all steps of the flow. The finding that after polymer injection water's fraction in channels not aligned with
the mean flow increased is however consistent with data obtained from the homogeneous pattern.
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Figure 12—Sequence of fluid distribution change in EOR process.

In Table 4, we report distributions of fluids from both EOR and HF types of experiments after
post-polymer flows, obtained from the two microfluidic micromodels. Fluid distributions from the EOR
experiments demonstrate that even after the second waterflooding, the saturations of the polymer solution
remained dominant: 43% and 39% for the homogeneous and the heterogeneous patterns, respectively.
The polymer solution occupied mostly channels aligned to the mean flow (0°) in both homogeneous and
heterogeneous patterns. The oil phase distributed more evenly in all channel orientations averaging 25% and
38% of oil saturation in the homogeneous and the heterogeneous patterns, respectively. Water saturations,
in contrary, were highly uneven, residing mostly in channels not aligned (60°) or perpendicular (90°) to
the mean flow.

Table 4—Saturation results for micromodel experiments

EOR type, after the second waterflooding

Homogenous Heterogeneous

Fluid in
channel Polymer Oil Water Mixed Polymer Oil Water Mixed

0° 0.54 0.20 0.14 0.12 0.55 0.34 0.10 0.01

30° 0.45 0.27 0.21 0.06 0.40 0.40 0.15 0.05

60° 0.37 0.25 0.31 0.08 0.35 0.40 0.21 0.04
Angle

90° 0.36 0.27 0.30 0.07 0.27 0.40 0.29 0.04

Saturation % 0.43 0.25 0.24 0.08 0.39 0.38 0.19 0.03

HF type, after water flowback

Fluid in
channel Polymer Oil Water Mixed Polymer Oil Water Mixed

0° 0.46 0.37 0.09 0.09 0.36 0.48 0.09 0.07

30° 0.39 0.36 0.16 0.09 0.34 0.44 0.15 0.06

60° 0.40 0.30 0.16 0.14 0.26 0.47 0.20 0.07
Angle

90° 0.23 0.21 0.41 0.14 0.22 0.44 0.30 0.05

Saturation % 0.37 0.31 0.20 0.12 0.30 0.45 0.18 0.07

HF type, after oil flowback

Fluid in
channel Polymer Oil Water Mixed Polymer Oil Water Mixed
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EOR type, after the second waterflooding

Homogenous Heterogeneous

Fluid in
channel Polymer Oil Water Mixed Polymer Oil Water Mixed

0° 0.37 0.49 0.07 0.06 0.40 0.51 0.07 0.02

30° 0.21 0.67 0.05 0.07 0.30 0.59 0.04 0.06

60° 0.22 0.61 0.07 0.09 0.27 0.57 0.07 0.08
Angle

90° 0.18 0.61 0.12 0.09 0.20 0.65 0.05 0.09

Saturation % 0.25 0.60 0.13 0.02 0.30 0.58 0.06 0.06

In the HF type of experiments, after water flowback, the homogeneous micromodel had 37% of polymer
saturation that occupied 46% of the 0° bin and 39% of the 30° bin. In the heterogenous pattern, the overall
polymer saturation was less, but the preference toward 0° and 30° bins was consistent. We note that in
the heterogeneous pattern, the crude oil was the most dominant fluid with 45% saturation. The polymer
solution and water had 30% and 18% saturations, respectively. The higher oil saturation in the heterogeneous
pattern could be explained by the poor displacement of oil by polymer and then by water; both tended to
breakthrough through the fractures in the porous medium. In the oil flowback experiments, oil was dominant
after oil flowback in all channel orientations, with 60% and 58% total saturations in the two patterns,
respectively. It was observed that polymer solution had twice as much fraction in the 0° bin than in the 90°
bin in both homogeneous and heterogeneous patterns. This indicates that pathways for polymer flow are
mostly aligned with the mean flow.

In the water flowback experiments, after flowback, water was mostly found in channels not aligned
with the mean flow. In the oil flowback experiments, after flowback, more oil was also found in channels
not aligned with the mean flow. In the water flowback experiments, there were no pre-polymer flow
waterflooding steps for us to assess a change. In the oil flowback experiments, however, we can compare
the pressure drops of oil flow before and after polymer injection. Recall that, pressure drops of oil flow
increased 1.5 and 1.3 times from before polymer injection to after polymer injection for the two patterns,
respectively. These increases were less than those found in the EOR type of experiments for water because
the preferential distributions of oil were not as extreme.

Mathematical model
In this section, we present a mathematical model to predict the change in the end-point (steady-
state) pressure drop from the experimentally measured distributions of fluids. The Voronoi patterns of
our microfluidic micromodels contain channels of random lengths and orientations. To facilitate the
development of a mathematical model, we will treat our Voronoi pattern as a superposition of two hexagonal
patterns, see Figure 13:

Figure 13—A qualitative illustration of the idea of modeling a Voronoi medium as two superposed hexagonal media.
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At the endpoint of a displacing flow, the saturation of the displaced fluid is no longer changing. The
displaced fluid therefore can be considered stationary. The flow of the displacing fluid follows steady and
continuous pathways through the porous medium. For the first hexagonal pattern presented in Figure 13,
after the displacing fluid flows through a channel with 0° orientation, it must arrive at a junction with
channels with 60° orientation (Figure 14a). After the displacing fluid flows through a channel at 60°, the next
channel must have 0° orientation (Figure 14c). For the second hexagonal pattern, after the displacing fluid
flows through a channel with 30° orientation, the fluid can flow into another channel with 30° orientation
or a channel with 90° orientation (Figure 14b). After the displacing fluid flows out of a 90° channel, the
next channel must be of 30° orientation (Figure 14d).

Figure 14—Sequence of flow in Voronoi porous medium models.

A continuous pathway for the displacing fluid to flow through the first hexagonal pattern can be modeled
as a series of channels that alternate between 0° and 60°, as shown in Figure 15a and 15c. Pathways of
this kind are called Type I pathways in this study. A continuous pathway in the second hexagonal pattern
can be modeled as a series of channels with 30° and 90° orientations, as shown in Figure 15c and 15d.
These pathways are called Type II pathways in this study. However, we note that while a 90° channel must
be followed by a 30° channel, a 30° channel does not have to be followed by a 90° channel. Inclusion of
90° sections increases the length of the pathway. We note that pathways of both types can split. Splitting
increases permeability of the pathway due to increased flow cross-section. However, this increase in the
cross-section is at the expense of a reduced number of pathways through the medium. Hence, increased
level of splitting does not necessarily lead to increased overall permeability. In this study, we will assume
that all pathways do not split. They also do not join.
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Figure 15—Types of continuous pathways in the two hexagonal patterns making up a Voronoi medium.

Based on Figure 15, the length of a Type I pathway without split is

(3)

where, LI is the effective length of Type I pathway. The effective pressure gradient acting on the displacing
fluid in a Type I pathway is

(4)

Type II pathways have lengths of:

(5)

where, 0 < ξ < 1 is the probability that a 30° channel in the pathway is followed by another 30° channel.
(1 - ξ), therefore, is the probability of 30°-90° connections. A 30°-90° connection is of the same length as
a 30°-30° connection. However, as the 90° section does not move the displacing fluid in the direction of
the mean flow, the distance moved by the displacing fluid in the direction of the mean flow is halved. The
effective pressure gradient acting on the displacing fluid in a Type II pathway is therefore

(6)

We now assume that there are M Type I pathways and N Type II pathways for the displacing fluid to
flow through the medium. In Type I pathways, the number of channels with 0° and 60° orientations are
respectively:

(7)
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(8)

where, λ is the channel length in the hexagonal pattern. In Type II pathways, the number of channels with
30° orientation is independent of ξ:

(9)

The number of channels with 90° orientation is the number of channels with 30° orientation multiplied
by 1 - ξ:

(10)

Based on these results, the ratios among the numbers of channels of different orientations filled with the
flowing displacing fluid are:

(11)

Let us now consider Eqs. (7-10) for the special case of single-phase flow. In a single-phase flow, it is
reasonable to assume that no 90° channels are in any of the pathways. Hence, ξ = 1. It is also reasonable to
assume that in this limit, M and N are at their respective maxima. Although 90° channels contribute to 1/6
of the total porosity, they do not contribute to the permeability. Therefore, in all pathways that contribute
to single-phase permeability, the ratios of 0°, 30°, and 60° channels are

(13)

In a Voronoi diagram, the number of channels placed in the bin of 30° orientation is equal to the number
of channels placed in the bin of 60° orientation. They are two times of the number of channels placed in the
bin of 0° orientation. Since all of the channels with 0° orientation should be in Type I pathways, and all of
the channels with 30° orientation should be in Type II pathways, we can infer

(14)

The flow rate through Mmax Type I pathways is

(15)

Here, ks is the permeability of a single microfluidic channel and Ac is its cross-sectional area. The flow
rate through Nmax Type II pathways is

(16)

The total flow rate thus is

(17)

Since

(18)

The single-phase permeability of the Voronoi diagram is
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(19)

where, A is the cross-sectional area of the Voronoi microfluidic porous medium, and ks is given by (Wang,
2015):

(20)

In Eq. (20), Ly and Lz are, respectively, the depth and width of the microfluidic channel.
The predictability of Eqs. (19) and (20) can be verified using experimentally obtained permeability of

Voronoi microfluidic micromodels. Xu et al. (2014) measured the permeability of a Voronoi microfluidic
porous medium with 14.6 μm deep (Ly) and 6 μm wide (Lz) channels and obtained 189 mD (0.187 μm2). Their
measured permeability was in good agreement with that obtained using lattice-Boltzmann simulations: 205
mD (0.202 μm2). The micromodel of Xu et al. (2014) has a porosity of 19%, and there are on average 20
channels of 0° orientation (−15° ≤ θ ≤15°) across its width. According to Eq. (20), ks is 2250 mD (2.22 μm2).
When Mmax = 20, the prediction of our model for k0 is 194 mD (0.192 μm2), with some underprediction but
still in good agreement with Xu et al. (2014).

Our homogeneous Voronoi micromodel is the same as that in Xu et al. (2014), except that the depth of
the channels was reduced to 10.6 μm and the average width of the channels was reduced to 4.3 μm. Using
Eq. (20), ks in this study is 1160 mD. The prediction of our model for k0 is 58.0 mD. The experimentally
obtained k0 is 87.1 mD.

Now, let us use Eqs. (7-10) to predict the end-point permeability of multiphase flows. From image
analysis, we can measure four important fractions:

• χ1: the fraction of channels in the 0° bin filled with the displacing fluid;

• χ2: the fraction of channels in the 30° bin filled with the displacing fluid;

• χ3: the fraction of channels in the 60° bin filled with the displacing fluid;

• χ4: the fraction of channels in the 90° bin filled with the displacing fluid.

We can measure χ1 through χ4 because we dyed brine in blue and crude oil in red color so that they can
be distinguished from each other and from the injected polymer solution (transparent).

Assuming that the displacing fluid in these channels are moving and hence are in the continuous
pathways, we will let

(23)

(24)

(25)

The flow rates through Type I and Type II pathways are:

(26)

(27)

The total flow rate of the displacing fluid is

(28)
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The end-point permeability to the displacing fluid is therefore

(29)

After substituting Eqs. 23-25 into Eq. (29) and using Eq. (14), , we obtain

(30)

Comparing Eq. (30) to Eq. (19), we see that the end-point relative permeability of the displacing fluid is

(31)

Predicted end-point permeability from our model, Eq. (30), showed good qualitative consistency with
experimental data. Figure 16 compares the endpoint permeabilities of the first and the second waterflooding,
obtained from the EOR type of experiment conducted in the homogeneous pattern. The end-point
permeability of water after the first waterflooding was found to be 15.8 mD, which was 1.6 times higher than
experimentally measured 9.7 mD. The difference between the mathematical model and experimental data
could be that the mathematical model considers all water captured in the static images of fluid distribution
as flowing, but in reality, some of them may be stationary or nearly stationary. At this time, we do not have
the ability to identify which channels actually contributed towards fluid flow. In the future, particle image
velocimetry (PIV) could be used for identification of actual pathways. After the second waterflooding,
the prediction of the model is 8.6 mD and the experimentally measured endpoint is 3.6 mD. The model
again overestimated the permeability. However, given the qualitative agreement, our model has captured an
important part of the mechanics of multiphase flows in our Voronoi microfluidic micromodel.

Figure 16—Water permeability reduction comparison between the mathematical
model, the micromodel experiment, and the core flooding experiment.

In the same Figure, we included the "scaled" experimental data so that the bar corresponding to the
permeability of single-phase flow from the core experiment is approximately the same height as that
representing the single-phase permeability of the microfluidic experiment. We note that the reduction in
the permeability of water after the first waterflooding was in good agreement with that in the microfluidic
experiment. The reduction after the second waterflooding, however, was much more severe. Between the
microfluidic experiment and the core flooding experiment, there were a few important differences. First, the
core has a higher porosity (23% vs. 14%) but a much lower permeability (2 md vs. 87 md). This suggests
that many pore connections in the core could have dead ends, and hence are not continuous pathways for
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fluid flow. Continuous pathways for the displacing fluid in the core experiment are therefore probably more
tortuous. Second, we note that continuous pathways in core flow can change direction in three dimensions,
whereas those in a microfluidic micromodel can only change direction in two dimensions. This will again
increase the tortuosity of the pathways in the core experiments, leading to increased pressure drops.

Conclusions
This work presents a micromodel study of pressure drops of post-polymer fluid flows. It is shown that
post-polymer permeability reduction could be explained by distribution of fluids in channels of orientations
relative to the direction of mean flow. Results from microfluidic micromodels show that injected polymer
solution had a preference toward occupying channels that are aligned with the mean flow. In post-polymer
flows, distribution of water / oil was more in channels not aligned with the mean flow. This preferential
distribution increases the tortuosity of flow pathways of the displacing fluid and contributes to the higher
pressure drops observed in post-polymer flows. We note, however, that although microfluidic experiments
qualitatively reproduced the experimentally observed trend in the pressure drop, the degree of increase in
the microfluidic experiments was much lower compared to that observed in the core experiment.

A mathematical model was developed to correlate experimentally observed distributions of fluids to
measured pressure drops. This model divides a Voronoi microfluidic porous medium into two hexagonal
patterns, each with a unique type of pathway for the displacing fluid to flow through. Our model successfully
predicted the trend in the evolution of the end-point permeability. However, there are still some quantitative
differences. Predicted reductions in the end-point permeability were not as significant as observed in
the microfluidic experiments. Nevertheless, as a model that requires only geometric parameters of the
micromodel and distribution statistics of fluids and no adjustable parameters, the success is notable. In future
studies, we will consider the influence of additional details of multiphase flow, such as splitting / joining and
tortuosity, and the fact that not all displacing fluids identified on the images are flowing, to refine this model.
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