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Abstract  15 
Polymers have been used effectively in the Oil & Gas Industry for a variety of field applications, such 16 
as enhanced oil recovery (EOR), well conformance, mobility control, and others. Polymer 17 
intermolecular interactions with the porous rock, in particular, formation clogging and the associated 18 
alterations to permeability, is a common problem in the industry. In this work, fluorescent polymers 19 
and single-molecule imaging are presented for the first time to assess the dynamic interaction and 20 
transport behavior of polymer molecules utilizing a microfluidic device. Pore-scale simulations are 21 
performed to replicate the experimental observations. The microfluidic chip, also known as a 22 
"Reservoir-on-a-Chip" functions as a 2D surrogate to evaluate the flow processes that take place at the 23 
pore-scale. The pore-throat sizes of an oil-bearing reservoir rock, which range from 2 to 10 nm, are 24 
taken into consideration while designing the microfluidic chip. Using soft lithography, we created the 25 
micromodel from polydimethylsiloxane (PDMS). The conventional use of tracers to monitor polymers 26 
has a restriction due to the tendency of polymer and tracer molecules to segregate. For the first time, 27 
we develop a novel microscopy method to observe the dynamic behavior of polymer pore-clogging and 28 
unclogging processes. We provide direct dynamic observations of polymer molecules during their 29 
transport within the aqueous phase and their clustering and accumulations. Pore-scale simulations were 30 
carried out to simulate the phenomena using a finite-element simulation tool. The simulations revealed 31 
a decline in flow conductivity over time within the flow channels that experienced polymer 32 
accumulation and retention, which is consistent with the experimental observation of polymer retention. 33 
The performed single-phase flow simulations allowed us to assess the flow behavior of the tagged 34 
polymer molecules within the aqueous phase. Additionally, both experimental observation and 35 
numerical simulations are used to evaluate the retention mechanisms that emerge during flow and how 36 
they affect apparent permeability. This work provides new insights to assessing the mechanisms of 37 
polymer retention in porous media.  38 

Keywords: Polymer flooding, permeability reduction, polymer retention, inaccessible pore volume, 39 
resistance factor, microfluidics, finite element method. 40 
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Introduction 43 
Polymer flooding is a promising technique to chemically enhance oil recovery from conventional 44 
reservoirs (Needham and Doe, 1987; Sheng et al., 2015). The method implies the addition of water-45 
soluble polymer molecules to the injection water to increase its phase viscosity. The viscosity 46 
enhancement leads to more favorable mobility ratios and water-oil fractional flow characteristics, which 47 
improves the sweep efficiency of the displacement process (AlSofi et al., 2019; Lake, 1989). Even 48 
though polymer flooding is considered a mature EOR method, there are limited full-field 49 
implementations of polymer flooding (Standnes and Skjevrak, 2014). This could be due to challenges 50 
of a successful implementation of the process at the field scale, from which polymer induced-formation 51 
damage is a major contributor (Kaladhar et al., 2016; Lotfollahi et al., 2016; Noik et al., 1994; Shahin 52 
and Thigpen, 1996; Shuler et al., 1987). Polymer-induced formation damage may impact the recovery 53 
performance by reducing the permeability of the formation and manifests as a continuous deterioration 54 
of well injectivity (Seright, Seheult and Talashek, 2009; Glasbergen et al., 2015; Hoteit et al., 2016; 55 
Torrealba and Hoteit, 2019). Polymer injectivity has been tied to water quality, incompatibility between 56 
injection and formation water, fine migration, among other factors (Glasbergen et al., 2015; Kaladhar 57 
et al., 2016; Shuler et al., 1987; Thomas et al., 2019). The polymer-induced formation damage related 58 
to pore-throat clogging, or simply polymer clogging, is generated by the polymer entrapped in the pore 59 
space (Sugar et al., 2020b, 2020c).  60 

Significant efforts have been devoted to study polymer transport behavior through porous media and 61 
polymer retention in reservoir rocks for decades (Al-Hajri et al., 2018; Dominguez and Willhite, 1977; 62 
Huh et al., 1990; Willhite and Dominguez, 1977; Zhang, 2013). Three main mechanisms are known to 63 
contribute to the overall retention of polymer during flow into porous rock, namely polymer adsorption, 64 
hydrodynamic retention, and mechanical entrapment (Lake et al., 2014; Sorbie, 1991). But despite all 65 
the efforts, the mechanisms causing polymer entrapment are not fully understood. One of the reasons is 66 
that retention mechanisms are typically indirectly inferred from differential pressure and effluent 67 
concentration profiles during core-flooding experiments. Therefore, they fail to differentiate between 68 
different mechanisms and capture their individual effect on rocks (Al-Hajri et al., 2019; Broseta et al., 69 
1995; Li et al., 2017; Szabo, 1975; Zhang and Seright, 2014).  70 

Therefore, a mechanistic understanding of polymer/pore-network interactions calls for a direct method 71 
to be studied. For this purpose, microfluidics represents a convenient platform, as it overcomes the 72 
constraints linked to the opacity of rocks (Sinton, 2014; Whitesides, 2006). Microfluidics hold promises 73 
to improve the understanding of fluid flow in porous formations by providing direct observation of the 74 
phenomena (Fan et al., 2018; Lifton, 2016; Song et al., 2018; Wegner and Ganzer, 2017). In recent 75 
years, microfluidics experiments have been increasingly used to address single-phase and multi-phase 76 
flow of polymer solutions through porous media. Some experimental studies have looked at the 77 
rheological characteristics of polymer solutions, flow instabilities, and flow divergence. Liu et al. ( 78 
2019) conducted experiments on micromodels to study particle migration and clogging in porous media. 79 
Others focused on recovery factor, and sweep efficiency, among other applications (Buchgraber et al., 80 
2011; de Winter et al., 2021; Ghahremani et al., 2018; Gogoi and Gogoi, 2019; Lacey et al., 2017; 81 
Meybodi et al., 2011; van Rooijen et al., 2022; Wang et al., 2015).  82 
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Computational-fluid-dynamics (CFD) simulations are powerful tools to accurately simulate complex 83 
physical models and interactions. In the area where microfluidics emerged, in bioscience, numerical 84 
modeling of biological-related phenomena sees great advancements. Numerical studies incorporating 85 
multiple coupled particle-solid and particle-particle interactions are used to analyze experimental results 86 
on air-borne nanoparticle transport in lungs or blockage in arteries, or DNA clog and release (Amin 87 
Arefi et al., 2020; Kubota et al., 2019; Shakya and Chowdhury, 2018). However, in other research areas, 88 
simulations of fluid flow using microfluidics did not experience the same popularity as experimental 89 
studies of flow in micromodels. In the frame of EOR, the majority of these numerical studies target 90 
foam and microbial techniques, from which a significant proportion focus on the latter (Hassannayebi 91 
et al., 2021). Jafari et al. ( 2016) performed CFD simulation of biosurfactant flooding into micromodels 92 
to evaluate the potential increase in oil production. In addition, oil displacement enhancement by 93 
bacteria suspension injection in micromodels has been studied both experimental and numerical 94 
(Shabani-Afrapoli et al., 2011). Other studies investigated the influence of pore-scale hydrodynamics 95 
on the spatial evolution of bacterial biofilms (Aufrecht et al., 2019).  96 

In the frame of polymer solution as a chemical method for EOR, limited numerical studies grounded on 97 
experiments are available in the literature. A study by (Clemens et al., 2013)  investigated the viscous 98 
fingering reduction during polymer flooding compared to waterflooding and performed two-phase CFD 99 
simulations based on SEM images to replicate the experimental results. On the other hand, Afsharpoor 100 
et al. (2014) focused on the viscoelastic properties of polymer solution to assess the hypothesis of 101 
pulling-effects by an experimental investigation, complemented by CFD modeling to assess the flow 102 
characteristics of viscoelastic polymers in dead-end pores.  103 

In this work, our objective is to further understand polymer transport and clogging mechanisms at the 104 
pore-scale by developing a numerical analysis approach to mimic the experimental observations (Sugar 105 
et al., 2020a). We present a numerical study of polymer solution flow through a micromodel, performed 106 
using COMSOL Multiphysics®. A combined Lagrangian-Eulerian approach is used to model the flow 107 
and transport of polymer solution and agglomerates. A numerical model is proposed to qualitatively 108 
describe the clogging of polymer agglomerates and the resulting effect on flow divergence.  109 

This paper is organized as follows: we first present the experimental data with the microfluidic device 110 
design and flow experiment results. Then, we introduce the equations that govern fluid and particle 111 
motion and briefly describe the simulation model. The results are then discussed, in which we 112 
demonstrate that the model replicates the flow behavior of polymer solution flow through the 113 
microdevice. The last part of the paper focuses on simulating polymer entrapment and the corresponding 114 
flow characteristics changes. We conclude the paper by summarizing the key contributions of the work. 115 

Experimental method and data 116 

Fabrication method 117 

We use microfluidics technology coupled with a microscope setup to allow direct observations at pore- 118 
and molecule-scale under dynamic conditions. To enable visualization of the flow phenomena, the 119 
micromodels should be fully or partially optically transparent (Lei, 2015). Microdevices materials 120 
include glass, silicon, polymeric materials, such as polydimethyl siloxane (PDMS) and polymethyl 121 
methacrylate (PMMA), geomaterials, and others (Anbari et al., 2018).  Silicon is the primary material 122 
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of microfluidic devices, which is a well-established fabrication method. The advantages of silicon-based 123 
microdevices include withstanding high pressure and temperature conditions, and compatible with 124 
many solvents (Ren et al., 2013; Zhang and Haswell, 2006). The drawbacks of being opaque and high 125 
cost motivated the development of other alternative materials, such as glass and polymeric materials (P 126 
Gravesen, 1993; S Haeberle, 2007). The most used elastomer for microdevice fabrication is 127 
polydimethylsiloxane (PDMS) (S. H. NK Karadimitriou 2012). The advantages of the PDMS-based 128 
microdevices are their optical transparency, flexibility, low price, and biocompatibility (Lei, 2015). 129 
 130 
In this work, we used the photolithography technique for fabricating silicon-based microdevices, with 131 
the actual pattern being etched into the silicon substrate and then bonded to the glass. Soft lithography 132 
is the main technique used for PDMS-based microdevices. With this technique, the polymer mixture is 133 
poured into a mold, holding the negative pattern, and then cured at an elevated temperature. The master 134 
mold used was  silicon-based to generate increased accuracy on the small-sized features.. We used a 135 
six-step fabrication workflow, as described in Figure 1.  136 
 137 

 138 

Figure 1: Workflow detailing the process of micromodel fabrication, starting with the (1) model 139 
design, followed by the (2) photolithography using a chrome mask, then (3) dry etching to engrave the 140 
pattern onto the silicon wafer, followed by (4) pouring the polydimethylsiloxane on the silicon wafer, 141 
then (5) curing and peel off, and finally (6) bonding the glass on top of the PDMS model. 142 

Experimental data 143 

The 2D micromodel design mimics key features related to the heterogeneous nature of rock pore throats 144 
while avoiding complexities related to the 3D nature of pore networks. Figure 2 shows a detailed 145 
schematic of the microfluidic device design. The structure consists of multiple flow units, which ensures 146 
repeatability and eliminates the end effects and the possibility of complete plugging of the chip. A flow 147 

Pour
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unit is symmetric towards the horizontal axis and includes 2, 5, and 10 μm wide channels. We fabricated 148 
the microdevice out of polydimethylsiloxane (PDMS) through soft-lithography techniques. We used an 149 
etched silicon wafer as a mold for the PDMS to increase the fabrication precision of the small features.   150 

 151 

Figure 2: Top view of the entire microfluidic device of size 2cm x1cm (a), including the configuration 152 
of the 40 x 5 flow units (b), and enlargement of the channels within each flow unit with dimensions 10, 153 
5, and 2 μm (c). 154 

We used a fluorescently-labeled polymer, Poly (fluorescein isothiocyanate allylamine hydrochloride), 155 
from Sigma Aldrich in our experiments. The polymer is cationic with 56000 Dalton molecular weight. 156 
The labeled polymer was excited at 488 nm, and emission was detected through a 540±40 nm bandpass 157 
filter. The polymer powder was dissolved in distilled water to obtain a polymer solution with a 158 
concentration of 100 μg/ml. The size characterization of polymer molecules has been conducted in 159 
solution conditions. The experimental hydrodynamic size of polymer molecules in solution was 160 
determined using the dynamic light scattering method. The measurements were done by using Zetasizer 161 
Nano-ZS instrument by Malvern Panalytical with 5s correlation time to minimize photo-induced 162 
agglomeration. The results showed a bimodal distribution of the hydrodynamic diameter, centered at 163 
about 60 nm (individual polymer molecules with almost 100% relative abundance), as shown in Figure 164 
3. 165 

10µm      5µm     2µm

(a)

(b)

(c)

2cm

1cm
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 166 

Figure 3: Dynamic light scattering histograms illustrating the number versus hydrodynamic diameter 167 
distribution of polymer molecules, which is in the range of 40-100nm (average ~ 60nm). 168 

We performed single-phase polymer solution experiments on micromodels with the aim of capturing 169 
direct dynamic visualization of polymer entrapment. For this purpose, we used a custom-build 170 
epifluorescence microscopy setup and the fluorescently labeled polymer, which granted molecule-scale 171 
visualization. This advanced single-molecule tracking technique enabled us to observe the flow of 172 
polymer molecules within the aqueous hosting phase. The acquired grey-scale captions were post-173 
processed in Fiji-ImageJ, and transformed into colored scale images to enhance visualization. The 174 
colored scale empathizes the different fluorescence intensity levels. 175 

Figure 4 illustrates direct observations of polymer flooding within a flow unit captured at different 176 
times, where the bright yellow color scale reflects the presence of high fluorescent polymeric material. 177 
In contrast, the dark purple/blue color scale reflects low concentration or complete absence of polymeric 178 
material. The observed individual polymer molecules are within the 100nm scale, while the observed 179 
agglomerations are up to 10µm. After one hour of polymer flow through the micromodel, the middle 180 
three channels were restricted to polymeric flow. The sequence of images in the top row of Figure 4 (a, 181 
b, and c) show the flow behavior of the polymer within the 10µm channels (i.e., top and bottom 182 
channels) at times 10.5, 11.7, and 13.1 seconds, where the reference time is 1 hour after the start of 183 
polymer injection. We focus on the top and bottom 10µm channels, where the green arrows are used to 184 
indicate open channels for fluid flow, while the red arrows indicate channel clogging. The sequence of 185 
images in the bottom row of Figure 4 (d, e, and f) shows when the top channel has been clogged at time 186 
= 24.5s (d). The following images (e, f) confirm that the top channel is completely clogged, resulting 187 
in flow divergence to the bottom channels, as observed at times 26.2 and 27.5s. Similar polymer flow 188 
and clogging behaviors were also observed in other flow units (not shown here). 189 
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This clogging behavior is a result of the high retention of polymer. Polymer adsorption and retention at 190 
the model walls were observed at a variable thickness (~1-3µm ). This non-uniformity was more 191 
pronounced in the upper 10µm channel and created a flow obstruction, reducing the area available for 192 
flow. The strangulation indicated by the circled zone in Figure 4 (d) favored the conditions for a bigger 193 
polymer agglomerate to get entrapment mechanically. Figure 4e-f confirm the polymer entrapment in 194 
the top channel and that the polymer/pore-size incompatibility leads to the clogging of the channel. 195 

 196 

Figure 4: Time-lapse captions showing the flow of polymeric material reflected in bright yellow color 197 
within a flow unit, where the top row of images are taken at times 10.5, 11.7, and 13.1s (a, b, and c) and 198 
exhibit open 10µm-channels for polymer flow; the bottom row of images are taken at times 24.5, 26.2, 199 
and 27.5s (d, e, and f)  and exhibit mechanical entrapment of a polymer agglomerate in the top channel 200 
leading to polymer pore-clogging. 201 

Numerical method 202 

In this study, we performed numerical simulations to predict the flow characteristics of polymer solution 203 
through a microfluidic device. The simulation work aims to replicate the flow of the aqueous phase and 204 
to compute the transport of polymer molecules prior and during pore-clogging. We used COMSOL 205 
Multiphysics® to compute the aqueous phase flow and the transport of polymer molecules. Polymer 206 
flow strongly depends on the particle size and concentration. Typical polymer concentrations for EOR 207 
applications are in the range of 500 to 3000 parts per million (ppm), at which they are regarded as dilute 208 
solutions. In some cases, lower concentrations of particles have no or insignificant effects on fluid flow, 209 
and therefore, a one-way coupling between the flow and transport, in which only the continuous host 210 
phase affects the motion of the particles and not the other way around, can be assumed. However, to 211 
account for the interactions of the polymer molecules with the medium, these assumptions do not hold. 212 
In the context of studying pore-clogging caused by polymer entrapment and its effects on the fluid flow, 213 
a full coupling is therefore needed.  214 

Low concentration                   High concentration                   Flowing channel                   Clogged channel

10 µm

(a)                                                       (b)                                                        (c) 

(d)                                                       (e)                                                 (f) Clogging location

10.5s                                                            11.7s                                                       13.1s

24.5s                                                            26.2s                                                           27.5s
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We applied a two-way coupling where the interactions are bidirected so that both the fluid and the 215 
particle can affect each other (Comsol Multiphysics, 2018a). The fully coupling was set between the 216 
Creeping Flow module, computing the flow of the aqueous phase, the Transport of Dilute Species 217 
module computing the flow of the polymer molecules, and the Particle Tracing module, computing the 218 
polymer agglomerates transport (Comsol Multiphysics, 2018b). The coupling consists of an iterative 219 
process between the time-dependent solver for the particle trajectories, the particulate phase, and the 220 
fluid flow (Comsol Multiphysics, 2018c).  221 

Flow governing equation 222 

The general Navier-Stokes equation coupled with the mass conservation equation are used to model 223 
fluid flow in the micromodel, which are given by:  224 

 𝜌𝜌
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝒖𝒖 · ∇)𝒖𝒖 = ∇ ∙ [−𝑝𝑝𝑰𝑰 +𝑲𝑲] + 𝑭𝑭 (1) 

 
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜌𝜌𝒖𝒖) = 0 (2) 

 𝐾𝐾 = 𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑇𝑇) −
2
3
𝜇𝜇(∇ · 𝒖𝒖)𝑰𝑰 (3) 

where 𝜌𝜌 is the density of the fluid, 𝒖𝒖 the phase velocity field, p is the pressure, 𝜇𝜇 is the dynamic viscosity 225 
of the solution, and F is the sum of external body forces. The left-hand side of the first equation 226 
represents the inertial forces, while the right-hand side term is the sum of viscous forces, pressure forces, 227 
and external forces. The second equation represents the mass conservation equation, while in the third 228 
equation, K accounts for the stress tensor.  229 

In the conducted experiments, the injection rate is very low, resulting in a Reynolds number far less 230 
than 1. Therefore, the Stokes flow governing equations are used to solve the flow of polymer solution, 231 
where inertial forces are negligible compared to viscous and pressure forces (Durbin et al., 2010; 232 
Trombley and Ekiel-Jeżewska, 2019). As the simulation time steps are small and the two-way coupling 233 
solves the flow equations for the updated conditions each time step, steady-state conditions for fluid 234 
flow modeling can be used within a time-step interval. Therefore, the corresponding governing 235 
equations used to compute the polymer aqueous phase flow are given as follows:  236 

 0 = ∇ ∙ [−𝑝𝑝𝑰𝑰 + 𝑲𝑲] + 𝑭𝑭 (4) 

 ∇ ∙ (𝜌𝜌𝒖𝒖) = 0 (5) 

 𝐾𝐾 = 𝜇𝜇(∇𝒖𝒖 + (∇𝒖𝒖)𝑇𝑇) −
2
3
𝜇𝜇(∇ · 𝒖𝒖)𝑰𝑰 (6) 

Polymer molecule modeling using the Lagrangian approach 237 

We combined two methods to simulate the behavior of particles in suspension: the Lagrangian and the 238 
Eulerian approaches. The Lagrangian approach deals with the particles individually and calculates the 239 
trajectories of each particle separately. The method is suitable for relatively large particles. In contrast, 240 
the Eulerian approach deals with the concentration of particles in the solution in the bulk phase and 241 
calculates an average representative behavior for all particles, which is suitable for relatively small 242 
particles (Saidi et al., 2014). Therefore, an explicit particle-tracking method based on the Lagrangian 243 
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approach is used to model the transport of large agglomerates of polymer (>60nm). The simulation of 244 
particle trajectories using the Lagrangian approach is based on Newton’s equation of motion: 245 

 𝑑𝑑�𝑚𝑚𝑝𝑝𝑣𝑣�
𝑑𝑑𝜕𝜕

= 𝐹𝐹𝑡𝑡 (7) 

where,  𝑚𝑚𝑝𝑝 is the mass of the particle, 𝑣𝑣 is the velocity of the particle, and 𝐹𝐹𝑡𝑡 is the total sum of forces 246 
acting on the particle. Various forces can be considered in discrete particle simulations. The 247 
characteristics of the polymer solution flowing in the microfluidics are captured by including the drag 248 
force on particle molecules (Mahdavimanesh et al., 2013). The drag force on polymer molecules is 249 
caused by the difference between the velocity of the aqueous phase and the velocity of the molecules 250 
moving in the aqueous phase. Stokes drag force, including wall corrections, was used, as it is applicable 251 
for particles characterized by a relative Reynolds number much less than one. The flow mechanisms of 252 
the polymer particles are modeled by:  253 

 𝐹𝐹𝐷𝐷 =
1
𝜏𝜏𝑝𝑝
𝑚𝑚𝑝𝑝𝑀𝑀(𝒖𝒖 − 𝑣𝑣) (8) 

 𝜏𝜏𝑝𝑝 =
𝜌𝜌𝑝𝑝𝑑𝑑𝑝𝑝2

18𝜇𝜇
 (9) 

 𝑀𝑀 =
1

1 − 9
16𝛼𝛼 + 1

8𝛼𝛼
3 − 45

256𝛼𝛼
4 − 1

16𝛼𝛼
5
�𝐼𝐼 − 𝑃𝑃(𝒏𝒏)� +

1

1 − 9
8𝛼𝛼 + 1

2𝛼𝛼
3
𝑃𝑃(𝒏𝒏) (10) 

 𝛼𝛼 =
𝑟𝑟𝑝𝑝
𝐿𝐿

 (11) 

where 𝑢𝑢 is the velocity of the carrying fluid, 𝑣𝑣 the velocity of the particle, 𝜌𝜌𝑝𝑝 is the density of the 254 
particles, 𝑑𝑑𝑝𝑝 the diameter of the particle, 𝜇𝜇 the viscosity of the carrying fluid, 𝑟𝑟𝑝𝑝 is the radius of the 255 
particle. The term M includes the wall correction with 𝐿𝐿 being the distance to the nearest wall, and 256 
𝑃𝑃(𝒏𝒏) is the projection onto the vector normal to the wall.  257 

Polymer molecule modeling using the Eulerian approach 258 

The polymer molecules exhibit hydrodynamic diameter distribution center around 60nm and the lowest 259 
and the highest values around 40nm and 100nm, respectively. Therefore, the assumption that the 260 
polymer molecules follow the flow of the aqueous phase holds. In consequence, for polymer molecules 261 
modeling, we adopt the Eulerian approach. This method tracks the individual particles by characterizing 262 
the particulate phase by a concentration with spatial-temporal dependency. The polymeric phase 263 
transport is modeled through diffusion and convection by computing the mass conservation equation 264 
for the phase as follows:  265 

 0c J c
t
∂

+∇ ⋅ + ⋅∇ =
∂

u , (12) 266 

where 𝑐𝑐 is the concentration of the polymeric material, 𝒖𝒖 the mass averaged velocity vector. The c⋅∇u267 
term describes the convective transport due to the velocity field, and it is obtained by coupling with the 268 
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Stokes flow of the aqueous phase. The mass transport due to molecular diffusion is defined by the 269 
diffusive flux vector 𝐽𝐽 as:  270 
 J D c= − ∇ , (13) 271 

The diffusion coefficient D for the polymer molecules is calculated by the Stokes-Einstein equation:  272 

 
1

6A

RTD
N rπη

= , (14) 273 

where R is the gas constant, NA the Avogadro’s number, T the temperature, the kinematic viscosity η274 
of the fluid, and r  the radius of the particle. The Stokes-Einstein equation is based on three assumptions 275 
that  1) the size of the diffusing particle is much larger than the solvent molecules, 2) the interactions 276 
between diffusing particles are ignorable, implying a dilute particulate phase, and 3) the shape of the 277 
diffusing particle is spherical (Einstein, 1905). Polymer molecules are known to have non-spherical 278 
shapes. Therefore, a deviation of the true value from the analytical value obtained by the equation is 279 
expected (Ohtori et al., 2020). 280 

Geometry and mesh generation 281 

The geometry of the simulation domain was created in COMSOL by importing the E-CAD file used to 282 
fabricate the microfluidic device. Figure 5 shows the simulation domain representing a pattern of flow 283 
unit in the microdevice. The overall dimensions are 95 µm in width and 72 µm in height. The geometry 284 
consists of 5 flowing channels with apertures of 10, 5, 2, 5 and 10 µm, respectively. A finite-element 285 
unstructured triangular mesh with 60,000 elements was used, as shown in Figure 5. The element size 286 
varies between 0.07µm and 2.5 µm. This mesh resolution was found to be sufficient to minimize the 287 
gridding effect. 288 

 289 
Figure 5: The simulation domain, reproducing the exact geometry and dimensions of a flow unit from 290 
the microdevice, and the correspondent mesh. The two magnified mesh zones correspond to the 291 
maximum element size, for the middle of the channels, and the minimum element size, for the marginal 292 
sections of the channels.  293 

72
 µ

m

95 µm
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Initial and boundary conditions 294 
One pattern of the flow units was used in the simulation. The corresponding initial and boundary 295 
conditions, as illustrated in Figure 6. We imposed a pressure-pressure, 𝑃𝑃𝑖𝑖𝑖𝑖 = 0.5 Pa and 𝑃𝑃𝑜𝑜𝑜𝑜𝑡𝑡 = 0 Pa 296 
respectively, at the inlet and outlet of the flow unit, representing a pressure drop of 0.5 Pa. This pressure 297 
drop was inferred from the experimental particle’s velocities. No-slip boundary conditions are set at the 298 
walls of the microdevice. The polymer concentration of 2.47x104 mol/m3 was set at the inlet, based on 299 
the experimental data. The polymer particles have an inlet velocity equal to the fluid velocity at the 300 
inlet. A bounce condition was used for all walls, in which particles specularly reflect from the wall such 301 
that the kinetic energy is conserved. The aqueous phase dynamic viscosity is 2cp, corresponding to the 302 
polymer solution. 303 

 304 

Figure 6: Schematic illustration of the initial and boundary conditions of the simulation domain, both 305 
for the aqueous phase and polymer molecules.  306 

Results and discussion 307 

To replicate the flow characteristics of the polymer solution through the microdevice, a quantitative 308 
analysis of the flow and transport of polymer agglomerates through the microdevice was performed. 309 
Particle tracking velocimetry was conducted using the TrackMate functionality in ImageJ, based on the 310 
images captured during the polymer-flood experiment. The software identifies the fluorescent polymer 311 
agglomerates within the polymer solution, segments them into multiple frames, and reconstructs their 312 
corresponding trajectories. This technique can construct the flow streamlines of polymer agglomerates 313 
and calculate their transport velocities based on the particle locations, the frame number, and the 314 
frequency of captions (Tinevez et al., 2017). The velocities vary over time depending on flow conditions 315 
and polymer-microdevice interactions. We first computed the creeping flow of the fluid phase to 316 
initialize the system. The particulate phase was then added and connected to the aqueous phase flow 317 
using full coupling.  318 

Inlet conditions: 
Pin,fluid = 0.5 Pa
vin,particle = vin,fluid

Boundary conditions:
Fluid: no-slip
Particle: bounce

Outlet conditions: 
Pout,fluid = 0 Pa
Particle - disappear
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Stokes flow 319 
The initialization of the Stokes fluid flow through the domain was determined based on polymer 320 
agglomerates velocity data. We measured the average velocity of the flowing polymer molecules 321 
visualized at the flow unit inlet. Figure 7a exhibits the cumulative streamlines of polymer agglomerates 322 
during 10s of the experiment. The histogram in Figure 7b shows the distribution of the recorded polymer 323 
molecule velocities along the streamlines. The statistical evaluation resulted in a mean velocity of 324 
around 24.6 µm/s and a rather squeezed to the left normal distribution of data with a maximum velocity 325 
less than 70 µm/s. Solving the Stokes flow using inlet velocity and outlet pressure conditions resulted 326 
in the pressure field over the entire domain.  327 

   328 

Figure 7: Observed polymer molecules streamlines shown in yellow during a 10s time-interval (a), and 329 
the corresponding velocity histogram from experimental data (b).  330 

Besides reproducing the experimental observations, the numerical simulations offer additional insights 331 
into the flow behavior that could not be experimentally captured by the used visualization techniques. 332 
The single-molecule tracking technique attains super-resolution of hundreds of nanometers on 333 
fluorescent particles. However, it holds some several limitations (Shashkova and Leake, 2017). 334 
Particularly on our experimental data, the high polymer retention rates on the middle three channels 335 
caused a significant reduction of flowing area and pronounced tortuosity. Due to polymer shape 336 
alteration, increased fluorescence background and photobleaching, the tortuous flow of the few polymer 337 
molecules from these channels were not clearly captured. The reduced clarity impacted polymer 338 
tracking and trajectory reconstitution during postprocessing. Figure 7a shows that the software was able 339 
to identify the polymers flowing in the middle channels (polymers encircled in the fourth channel) yet 340 
was unable to reproduce their streamlines. The parallel between experimental and simulated flow 341 
behavior from Figure 8 highlights that numerical modeling has the capability to generate missing data 342 
and reveal velocity characteristics on the middle three channels. The yellow arrows indicate the 343 
computed flow pathways and have the size proportional to the velocity field. The numerical results 344 
exhibit velocity in the range of tens of µm/s in the 5 µm channels and of several µm/s in the 2 µm 345 
channel. The computed velocities in the whole domain range within 2 µm/s to 50 µm/s with a mean 346 
velocity of 23.6 µm/s, which is consistent with the experimental mean velocity, measured at 24.6 µm/s.  347 
 348 

10 µm10s

(a) (b) 
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Figure 8 shows the fluid flow characteristics computed using Stokes flow. They correspond to the flow 349 
of the aqueous phase without including particle-medium interactions. The variable field distributions 350 
are illustrated by a color scale ranging from black, for high values, to blue, purple and red, for the low 351 
values, respectively. Figure 8a shows the velocity field within the simulation domain. As expected, the 352 
10 µm channels exhibit less resistance to flow, resulting in the highest velocities with values within 30 353 
µm/s. On the other hand, the 2 µm channel experiences the lowest velocities, with values within 8 µm/s. 354 
In parallel,  Figure 8b shows the pressure field and the streamlines, in yellow, within the simulation 355 
domain.  356 

 357 

Figure 8: Simulation results showing the fluid flow characteristics within the simulation domain, 358 
namely the velocity field (a) and the pressure field with streamlines (b). 359 

 360 

Polymer agglomerates - Lagrangian model 361 
The polymer’s agglomerates flow paths are computed using the Particle Tracing module, where the 362 
agglomerates are simulated as solid particles initiated as a normal particle size distribution ranging 363 
between 1.2 and 6.5 µm with  4 µm on average. This range replicates the experimentally measured size 364 
distribution of the polymer agglomerates in the solution. Particle initialization required four main 365 
parameters, including initial position, initial velocity, release time, and the number of particles. The 366 
initial position of the particles is set at the inlet of the flow unit, distributed along the boundary 367 
proportionally to the magnitude of the fluid velocity field. The initial velocity of the particles 368 
corresponds to the inlet flow velocity. The particles were released in slugs of 10 particles at a time at 369 
0.3s intervals. Figure 9 shows both the computed and the experimentally captured polymer transport 370 
within the hosting aqueous solution for a flow unit that did not exhibit polymer clogging. Figure 9a 371 
depicts the results of the numerical modeling of polymer flowing agglomerates within the domain, while 372 
Figure 9b shows the experimental observations. The model could qualitatively mimic the flow of large 373 
polymer agglomerates but does not capture the overall concentration of polymer; thus, an Eleurian 374 
approach is needed.  375 

(b) (a) 
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 376 
Figure 9: Numerical modeling of polymer molecules flow, shown as yellow particles, and the 377 
corresponding fluid velocity field, colored background (a), and an actual caption of polymer molecules, 378 
shown in bright yellow, flow through the microdevice during experiments (b). 379 

 380 

Combined Eulerian-Lagrangian model 381 
We introduced the polymer molecules and computed their flow using the Transport of Dilute Species 382 
module in COMSOL, where the polymer is tracked with an advection-diffusion model. The 383 
experimentally measured size distribution of the hydrodynamic diameter of the single polymer 384 
molecules was centered around 60nm, with 40nm and 100nm being the lowest and the highest value, 385 
respectively. The mean value, 60nm, was used to analytically calculate the diffusion coefficient using 386 
the general Stokes-Einstein equation, which provided a value of 1.6x10-12 m2/s. Figure 10 shows the 387 
flow behavior of both polymer molecules and polymer agglomerates within the flow unit without 388 
accounting for any particle-medium interactions. The discrepancy between the front of the polymer 389 
molecules and polymer agglomerates is caused by the underlying physics that governs the flow. The 390 
drag force on the individual polymer agglomerates acts in the opposite direction of the flow, inducing 391 
retardation of the polymer agglomerates compared to the flow field. On top, diffusive forces included 392 
in modeling the polymer molecules' phase act in the same direction as the flow field. However, due to 393 
the significant difference in magnitudes between the viscous and the diffusive forces, the effect of the 394 
diffusion on the streamlines is negligible. The contribution of diffusive is observed in the near-wall 395 
region with null velocity due to the non-slip condition. The initial breakthrough of the polymer 396 
molecules is after 4s , and the steady-state is achieved at 28s, when the concentration within the unit is 397 
constant and equal to the inlet value of 2.47x105 mol/m3. 398 

10 µm15s

(a) (b) 
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Figure 10: Simulation results showing polymer concentration (mol/m3) at different times, and the 399 
transport of polymer agglomerates, characterized by discrete particles. 400 

Polymer-pore clogging 401 
We modeled the flow alteration induced by polymer entrapment that was observed during the 402 
experimental study by considering polymer-medium interactions. However, polymer mechanical 403 
entrapment in porous media lacks a predictive model. Alternatively, we developed a clogging model 404 
that behaves as a porous screen through which only a specified size of polymer molecules can go 405 
through while the rest are entrapped and accumulated at the screen, which results in conductivity 406 
reduction. To replicate the polymer’s mechanical entrapment observed in the experiment, screen models 407 
were introduced in the channels. The fluid flow resistance through the screen is captured by a resistance 408 
factor which is a function of the number of entrapped polymer agglomerates. With this approach, when 409 
a particle hits the screen and meets the conditions of size exclusion, the resistance coefficient is 410 
incremented, and therefore it captures the cumulative particle-screen interactions. This clogging model, 411 
however, does not completely clog water flow by convection and diffusion, which is consistent with 412 
the inaccessible pore-volume (IPV) concept, where large polymer molecules cannot reach tight pore 413 
bodies while water can (Lake, 1989; Sugar et al., 2021).   414 

Figure 11 shows the computed flow characteristics during numerical simulating clogging. The entire 415 
simulation time was 35s, similar to the experimental observation time of the particular flow unit where 416 
polymer mechanical entrapment was captured.  417 
 418 

1s 4s

10s 35s
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 419 
Figure 11: Simulation results for flow characteristics showing polymer clogging at different times; the 420 
map of velocity magnitude and particle transport and entrapment are shown on the left, while the 421 
pressure field with velocity arrows scaled by velocity magnitude are shown on the right. 422 

Figure 11 illustrates the velocity field and the transport of polymer particles (left side).  On the right-423 
hand side, the pressure field is represented by the velocity field with arrows scaled by velocity 424 
magnitude at three different times, 1, 20, and 30s. At early time, 1s, few particles were released but 425 
have not yet reached the clogging screens. It can be observed that the flow behavior remains unchanged, 426 
and its characteristics are similar to the unaltered flow described in Figure 8. The snapshot from the 427 
second row corresponds to intermediate simulation time, 20s, during which a significant number of 428 

1s

20s

35s
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particles flew through the unit. The flow characteristics exhibit a noticeable reduction of flow within 429 
the top channel. The velocity magnitude reduced from higher than 40 µm/s to approximately 25 µm/s. 430 
On the other hand, the pressure, with initial uniform variation, is characterized by a sharp change across 431 
the screen (0.5 Pa to 0.1 Pa), induced by decreased connectivity due to clogging. The flow velocity 432 
suggests that the model was able to create the flow obstruction on the upper part of the bottom channel, 433 
and closely simulate the experimental observations with the flow mainly happening on the bottom of 434 
the channel. The last row exposes the flow characteristics in the last time step. The velocity on the top 435 
channel exhibits a more significant reduction caused by increased clogging effects. There is a further 436 
reduction from 10 to 25 µm/s with a significant pressure drop across the screen were obtained. 437 

We performed a quantitative analysis of the fluid flux across the top channel to obtain a deeper 438 
understanding of the flow characteristic before and during pore-clogging. The analysis was performed 439 
both on experimental and simulated data, investigating the flow velocity of polymer molecules and 440 
particles, respectively. The streamlines and velocity of polymer molecules from the experimental 441 
observation were determined using the particle tracking functionality in Fiji. Figure 12 shows the 442 
velocity of polymer molecules in the first column, in yellow, and the computed velocity of the particles 443 
in the second column, in purple, for two-time intervals: before and during clogging. Figure 12-first row 444 
illustrates the velocity histograms of polymers(left) and particles(right) before clogging. The computed 445 
velocities capture the value interval of the most predominant polymer molecule velocities, up to 40 446 
µm/s. The computed velocities distribution resembles a Gaussian distribution of discrete experimental 447 
data, with the peak velocity values between 20 and 30 µm/s. The obtained mean velocity of 23.67 µm/s 448 
closely replicates the mean polymer velocity of 26.98 µm/s. Figure 12-second row shows the velocity 449 
histograms of polymers and particles (right) during clogging. The computed particle velocities honor 450 
the main velocity interval of polymers, with values lower than 20 µm/s. The computed velocities 451 
distribution resembles a Gaussian distribution of discrete experimental data, with the peak velocity 452 
values lower than 5 µm/s. The data highlight a reduction of 66% in mean velocity during polymer 453 
entrapment. The agreement in mean velocities substantiates that the numerical model is able to mimic 454 
the flow characteristic before and during polymer-pore clogging experimental results. 455 

 456 
 457 
 458 
 459 
 460 
 461 
 462 
 463 
 464 
 465 
 466 
 467 
 468 
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Experimental data Numerical simulation 

     469 

  

  
Figure 12: Velocity histogram of polymer molecules from experimental results (left), and the velocity 470 
histogram of the particles from simulations (right) before and during polymer-induced pore-clogging. 471 

Conclusions 472 
We presented an experimental and numerical study of polymer solution flow through a microfluidic 473 
device, which captures the effect of polymer clogging at the pore scale. The objective is to study the 474 
effect of pore-scale polymer flow behavior altered by polymer-medium interactions and the changes in 475 
flow characteristics during polymer mechanical entrapment and pore-clogging. 476 
 477 
The key conclusions are summarized as follows: 478 

• The proposed microfluidics technology coupled with a microscope setup allowed direct 479 
observations of polymer retention at pore- and molecule-scale under dynamic conditions. 480 

• The numerical model accurately imitates the observations of the fluid flow behavior unaltered 481 
by polymer retention and replicates the flow paths and velocity of both the aqueous and 482 
particulate phases before clogging. 483 
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• Polymer mechanical entrapment was simulated along with the implicit flow behavior 484 
modification. The velocity within the channel reduced from values higher than 40 µm/s before 485 
clogging to values lower than 15 µm/s during clogging. The pressure with initial uniform 486 
variation is characterized by a sharp change across the screen during clogging, of 0.5 Pa on one 487 
side and less than 0.1 Pa on the other side.  488 

• The results showed significant flow characteristic changes during polymer-pore clogging. The 489 
velocity and pressure field, as well as streamlines alteration, substantiate that the generated 490 
numerical model replicates the flow behavior experimentally observed during pore-clogging. 491 

• The results of the quantitative analysis of polymers/particle flow showed a 66% reduction in 492 
velocity during clogging, from mean values around 27 µm/s before clogging to around 9 µm/s 493 
during clogging. Moreover, the numerical model accurately predicts the flow parameters, with 494 
emphasis on velocity, before and during polymer-induced pore-clogging. 495 

• The proposed experimental-numerical approach offers additional insights into polymer flow 496 
behavior a the pore scale.  497 
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