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Abstract
Polymer flooding is arguably the most widely used method of chemical EOR (Romero-Zeron, 2012) as
it improves the mobility ratio and leads to an increase in total oil recovery. However, due to their
structure, polymer tend to be retained by the rock due to mechanical entrapment or electrostatic
forces, which decreases permeability and total production (Sorbie, 1991). This mechanism, while
having been observed in the industry, has been relatively understudied, particularly at the
microscopic pore scale. Glass-silicon-glass micromodel flooding are a relatively novel experiment
type used to assess the effectiveness of different EOR methods, which allow for the visualisation of
fluid flow at pore level (Wegner et al., 2015).
This paper thus applies micromodel visualisation to the study of polymer retention, also known as
plugging effects. Plugging effects have been noted as being concentrated near the injector well
(Sorbie, 1991) in oil fields; hence streamline visualisation was used to confirm this distribution
pattern at microscopic level. The experiment involved successive injections of brine and polymer
solution, together with a fluorescent tracer particle, to ease the visualisation of fluid flow. The
differential pressure within the micromodel was measured at all times.
Statistical analysis of plugging distribution showed that polymer retention was greatest near the
injection point, and generally concentrated along the main axis of flow; more peripheral areas were
less affected. Study of the evolution of plugging over time showed that it was fairly permanent, with
the injection of certain organic molecules even worsening the symptoms; the tracer particle in
particular, while having no effect of its own, was found to interact with retained polymers and
increase plugging. Pore size was found to be correlated with the degree of polymer retention; the
analysis of plugged pores showed that none were above 405 µm.

Introduction
Polymer Retention: Plugging Effects
When adding polymer to a waterflood, the aim is to increase the viscosity, so as to improve the
mobility ratio. However, due to the chemical formula and structure of these long polymer chains,
they may interact significantly with the reservoir rock or the ions in the fluid itself. This may cause a
reduction in porosity and more, significantly, in permeability, which may negatively affect oil
production and thus be a concern to the producer.
The three main types of polymer retention mechanisms are polymer adsorption, mechanical
entrapment and hydrodynamic retention, which will be discussed below.
•

Polymer adsorption – mainly due intermolecular attractions due to electrostatic forces; van
Der Waals and hydrogen bonding being the ones responsible for the adhesion of the
polymer chains to the edges of the rock grains, rather than chemical reactions.

•

Mechanical entrapment – this phenomenon occurs when large polymer chains become
physically lodged into a narrow passage. They then become stuck, therefore causing a
reduction in flow through the blocked pores.

•

Hydrodynamic retention – an effect observed in which the polymer molecules are more
likely to be retained at higher injection rates; hence the name “hydrodynamic”. This type of
retention is reversible; when the flow is reduced or stopped, the flow that was impeded by
hydrodynamic retention resumes. This may be explained by areas of high polymer
concentration where the molecules become trapped by hydrodynamic drag forces. Thus,
when the flow is slowed or stopped, they become free to move again.

Glass-Silicone-Glass Micromodels
In order to assess the effectiveness of polymer flooding, two main types of experiments are carried
out: core flooding, and horizontal micro-model flooding. Core flooding has the advantage of being
three-dimensional, as well as having the possibility of being made of actual rock matrix, as opposed
to synthetic materials. However, the rock structure does not allow for visualisation of the fluid flow
inside; to do so, glass-silicon-glass micromodels are used.
Micro-models consist of an essentially two-dimensional silicone surface, which simulates the pore
size and geometry of the studied rock. The silicone layer is held in place by two layers of glass, to
prevent the escape of fluids in the vertical direction, and one opening for input of injection fluids
and another one for output. Because of the silicon layer being sandwiched between two layers of
glass, this type of micromodels is often referred to as Glass-Silicon-Glass micromodels, or GSG for
short.

Figure 2.2.1 - Glass-silicon-glass micromodel. In this picture, a square 4x4 cm model is shown.

The glass covers are transparent and allow the injection to be monitored at any moment thanks to
microscopes and cameras which allow us to take pictures or even videos of the process. In order to
enhance ease of visualisation even further, a polystyrene-based tracer particle is added to the
polymer solution (Rock et al., 2016).

Methodology
The scope of this project is to determine the influence of plugging effects caused by the injection of
polymers in SGS micromodels, mainly to answer the three following questions:
•

•
•

How is polymer retention distributed around the micromodel? The literature reports that
field experience has shown plugging effects to take place mainly near the injector well; is
this also true at a pore-scale level?
How does polymer retention evolve over time? Do subsequent injections improve the flow
or do exacerbate the plugging? To what extent is it reversible?
What is the influence of pore size on polymer retention? As expected, smaller pore sizes
should cause a greater degree of mechanical entrapment – to what extent is this influential?

To answer these questions, streamline visualisation of the fluid flow inside the pores of the
micromodel was carried out, both before and after polymer injection and the pressure differential
was measured inside the micromodel.

Set-Up
Equipment used
The experiment was carried out at the laboratories of the Technical University of Clausthal and the
following laboratory equipment was used:
•
•
•
•
•
•

Injection pumps which mechanically push the back of a syringe at a slow and steady rate, so
as to get a small-scale and constant injection rate
Micromodels – essentially a two-dimensional silicon layer which mimics the pore structure
of a real rock
Microscope
Pressure transducer – device used to measure the pressure differential
Back-pressure devices – devices which maintain the pressure within the system above a
certain threshold value, in order to prevent the formation of gases
Computer – required to run the microscope software, as well as record data, such as
pressure response data and microscope pictures

Figure 3.1.1 – Equipment used for the injection experiment into glass-silicon-glass micromodels

Figure 3.1.2 - Schematic representation of equipment set-up

Experiment Procedure
The scope of this work was to study the effects of polymer plugging at the pore scale within
the controlled environment of glass-silicon-glass micromodel, which involves the injection of a tracer
particle to ease streamline visualisation. However, said tracer particle is polystyrene-based and a
polymer itself, so the first natural step was to ensure that it did not cause plugging itself and
compromise the results. In order to verify this, the experiment was split into two parts.
The first part consisted in determining whether or not the tracer particles caused plugging of
the pores and quantitatively describe the extent of this effect.
This involved a first injection of brine – without any tracer particles – in order to saturate the
micromodel, and the pressure differential during the process was recorded. Brine was subsequently
injected again but this time with a tracer particle and the pressure differential was again recorded. If
the pressure differential was different between the two injections, this would indicate some
plugging effect. Pictures of the fluid flow were also taken during the injection of brine with tracer for
future reference.
After this first part of the experiment, the micromodel undergoes a chemical cleaning procedure to
rid it of any organic molecules, which will be further described in chapter 3.2.

In the second part of the experiment, the micromodel was again flushed with brine so as to
saturate it fully. Polymer was then injected together with the tracer particles and the pressure
differential is measured.
After pictures of the fluid flow were taken with the microscope, two further injections of brine
followed: one without tracer to flush the polymer out of the micromodel and a final one with tracer
to further visualise the flow of water, and compare it with the first injection – at which point, any
differences in the flow geometry should be visible. The pressure response was measured at every
step.
The steps were summarised in Table 1.

Table 1
Step
Step (0)
Step (1)
Step (2)
Step (3)
Step (4)
Step (5)
Step (6)

Procedure
Brine injection without tracer
Brine injection with tracer
Cleaning of Micromodel
Brine injection without tracer
Polymer injection with tracer
Brine injection without tracer
Brine injection with tracer

Tracer Particle

Pictures


✓
N/A


✓
N/A


✓

✓


✓
✓
✓

Pressure Response
Measured
Measured
N/A
Measured
Measured
Measured
Measured

Pressure Analysis
As mentioned in 3.1, the pressure response was measured for every step during injection. A
typical pressure response presents a steep initial increase in pressure as fluids are injected, followed
by a plateau where the pressure stabilises due to the volume of fluids going in being equal to the
volume of fluids coming out.
In our experiment, the pressure reading at the horizontal line is the one used for comparison
between injections and further calculations.
In order to quantify the degree of plugging taking place in the micromodel, the residual resistance
factor may even defined:
𝑅𝑅𝐹 =

∆𝑃𝑤𝑎𝑡𝑒𝑟𝑓𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑏𝑒𝑓𝑜𝑟𝑒
∆𝑃𝑤𝑎𝑡𝑒𝑟𝑓𝑙𝑜𝑜𝑑𝑖𝑛𝑔 𝑎𝑓𝑡𝑒𝑟

The residual resistance factor is the ratio between the pressure response of one injection and a
subsequent one of the same fluid type.
This means that, if the pressure response of one injection is equal to the value of the one after, then:
𝑅𝑅𝐹 = 1
Indicating that the fluid behaviour inside the micromodel was unchanged and that plugging did not
occur. If the 𝑅𝑅𝐹 > 1, this indicates a decrease in permeability, leading to an increase in pressure.
Thus, the residual resistance factor allows us to quantify the degree of plugging.

Streamline Visualisation
As described in Table 1 in chapter 3.2, pictures of the fluid flow were taken in step (1), (4), (5) and (6)
for further analysis. Even though no tracer particles were injected during step (5), the fluid flow is
still visible on the pictures as enough tracer remains in the micromodel to allow proper visualisation.
Due to computational and storage limitations, pictures were taken only at five points in the
micromodel, as opposed to being taken for the whole model. In order to ensure that the pictures are
representative of the whole sample, they were positioned as indicated in Figure 10.

Figure 3.5.1 - Schematic representation of the micromodel and the placement of photographed points

As such, Points 1, 2 and 3 are positioned on the main axis of fluid flow, connecting the input and
output through a straight line. Points 4 and 5 were intentionally taken on more peripheral positions
to better assess spatial distribution of plugging.
The final objective of streamline visualization was to compare the fluid flow before to the flow after
the polymer injection, with any difference between the two assumed to be due to the effects of
polymer retention.

Statistical Analysis
Once the pictures had been taken with the microscope and fluid flow before and after had
been compared, we further analysed them and began quantifying the extent of plugging. To do so,
the pictures were divided into a 10x10 grid and each grid block was given a discrete value, being
classified in the null, low plugging, medium plugging and high plugging, depending on the extent of
polymer retention.
This resulted in a quantitative measurement of plugging, based on a qualitative description of the
severity of said plugging. Furthermore, this statistical analysis allowed us to study the spatial
distribution of the plugging, as well as its evolution over subsequent injections.

Study of the Influence of Pore Size on Plugging Effects
The final part of the result analysis involved assessing the influence of pore size on plugging
effects. As was explained in Chapter 1, mechanical entrapment occurs when the polymer chains are
too large to pass through the pores. Assuming that smaller pores are more likely to be plugged, how
can we used streamline visualisation to confirm the hypothesis?
The pictures for each point were taken and a sample of pores showing signs of mechanical
entrapment were selected. Using the microscope software to introduce a scale into the image
automatically based on magnification used, we could then work out the size of the plugged pores. A
histogram of distribution was then drawn.

Results
Spatial distribution of polymer retention
The statistical analysis shows that the polymer is more likely to be retained in areas along
the main axis of fluid flow; in the case of this experiment, points 1, 2 and 3.
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Figure 4.3.6 - Percentage of plugging-free grid blocks

The graph above shows the percentage of grid blocks with no visible signs of polymer
retention during the polymer injection (Step (4)) for each point. Points 1, 2 and 3 were in the 62-69%
range whereas the more peripheral points 4 and 5 were in the 87-88% range, indicating a clear
difference between the main axis points and the peripheral ones.
Polymer was also retained to a greater extent near the injection point than in areas further
away from said point, this is exemplified by the lowest value being that of Point 1 in the graph
above. This is consistent with the findings mentioned in the literature (Sorbie, 1991), where polymer
entrapment was observed as being highest near the injector.
Polymer retention with subsequent injections
In all the points, a slight increase in the severity of plugging was observed after the subsequent brine
injection (Step (5)) and sometimes in the extent of it. This may be explained by the fact that any
remaining polymer left in suspension will tend to either flow out or aggregate in any areas where
plugging has already occurred.
A more significant increase was noted after the injection of brine with tracer, however. This could be
caused by a tendency of the polystyrene-based microparticles to interact and with the polymer
chains and be attracted to each other through van der Waals forces (Carraher, 2003).

Pore size and Polymer Entrapment
In an attempt to further determine the link between pore size and mechanical entrapment of
polymer chains, the diameter of 21 heavily blocked pores was measured at their narrowest point,
using the scale given by the microscope software, based on magnification.
The narrowest point of the tube was measured under the assumption that it represented the
“limiting factor” and was the reason a given segment was blocked. The following histogram visually
represents the distribution of pore sizes.

Figure 4.4.21 - Histogram of pore size distribution among plugged pores

As predicted, smaller pore sizes were overrepresented in the heavily plugged pores, with the
smallest value of 75 μm, while rare overall in the micromodel, was prevalent among the heavily
blocked pores. No pore of over 405 μm was plugged in this sample, hence this could be considered a
cut-off value above which this solution of Flopaam will not cause plugging to occur.

Remarks and conclusion
Some of the positive effects noted by the injection of polymers include an improved penetration
of pores, especially in those that lead to a dead end. On the edges of the micromodel, the flow
seems to have improved.
These improved results however, come with the downside of plugging of some of the smaller pores.
The RRF value suggests that even with subsequent brine floods, the permeability is permanently
altered and production may be affected.
The pressure analysis further revealed that although the tracer particles had no effect when
injected on their own, they seemed to worsen the plugging previously caused by the polymer
injection, which was further confirmed by streamline visualisation. This is probably caused by an
interaction between the polystyrene microparticles and the polymer chains, by hydrostatic
attraction or dipole-dipole interaction, but the causes and mechanism of this phenomenon should
be the focus of further investigation.
Plugging distribution was confirmed to be mainly concentrated near the injection point,
even at microscopic scale, in accordance with the observations at oil-field scale.

Furthermore, plugging was found to be permanent; even after further brine injections were
carried out, the plugging remained. This was coherent with the values of RRF of the pressure
analysis, which demonstrated that the permeability had been irreversibly altered.
Finally, the most significant variable identified is perhaps pore size, which seems to correlate
highly with the severity of plugging; indeed, no pore over 405 μm was plugged in this experiment. It
is worth keeping in mind however, that this value is only a valid cut-off value for this particular
Flopaam polymer batch, as longer polymer chains could block larger pores. Salinity also modifies
polymer geometry and may have an effect on the overall pore size that may be blocked.

References
Abidin A. Z., T. Puspasari, W.A. Nugroho (2012) – Polymers for Enhanced Oil Recovery Technology
Bodiguel H., Beaumont J., Machado A., Martinie L., Kellay H. Colin A. (2015) – Flow enhancement
due to elastic turbulence in channel flows of shear thinning fluids
Carraher J. E. (2003) – Polymer Chemistry
Chhabra R. S. (2010) – Non-Newtonian Fluids
Fitzpatrick R. (2014) – Theoretical Fluid Mechanics
Herbas J.G., Wegner J., Hincapie R.E., Fodisch H., Ganzer L. (2015) – Comprehensive micromodel
study to evaluate polymer EOR in unconsolidated sand reservoirs
Howe A. M., Clarke A., Giernalczyk D. (2015) – Flow of concentrated viscoelastic polymer solution
in porous media
Irwin P., Cooper K.R., Girard R., (1979) – Correction of distortion effects caused by tubing systems
in measurements of fluctuating pressures
McDonough J.M. (1987) – Lectures in elementary fluid dynamics
Nakayama Y. (1999) – Introduction to Fluid Mechanics
Rock A., Hincapie R.E., Wegner J., Fodisch H. Ganzer L. (2016) – Pore-scale visualization of
polymer viscoelasticity using particle tracing in glass-silicon-glass micromodels
Romero-Zeron L. (2012) – Advances in Enhanced Oil Recovery processes
Sorbie K. S. (1991) – Polymer-Improved Oil Recovery
Walsh J. M. (2016) – The Effect of Shear on Produced Water Treatment
Wang Z. H., Zhuge X. L., 2014 - An Environmentally-friendly Method for Removing Polymer
Plugging in Well Boreholes
Wegner J., Hincapie R.E., Fodisch H., Ganzer L. (2015) – Novel visualisation of chemical EOR
flooding using a lab-on-a-chip Set-upsupported by an extensive rheological
characterisation

