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Abstract

The application of polymer flooding for enhanced oil recovery (EOR) topemneability

porous media (below 100mD) can be very challenging as paymer retentionand poor
injectivity are frequently observed. The challenges are mostly relatgublyoner solutions
properties (ionic strength and hardness) and porous media mineralogy (clay content). This paper
reports on an experimental study that aims awiig a better picture of the mechanisms
governing the transport of polymer solutions in low permealsliyey porous media. Results
confirm the major role played bthe injection water composition (salinity and hardness)
polymer conformation andn polymerminerals interaction Strong interactions between
polymer and clay aralsoevidenced with significant differences according to the clay. typed
propagation andhigh polymer retention in an uncharged and-saelling clay (kaolinite) and

poor popagation withlower than expectedetentionin chaged or swellingclays (illite,
smectite) For kaolinite, the resultare interpreted in terms of fast formation afpolymer
adsorbed layeon the solids surfacehereasfor illite and smectite, they cdre explained by the

slow diffusion of polymer into clay aggregates, whose presence was evidenced by microscopic
analysis. These outcomes stand as new elements for understanding and modeling the transport
of polymer solutions in low permeability sandstarservoirs. They alsdlaw classifying the

clays in view of theipracticalimpacton the feasibility of polymer flooding operations.



Introduction

Polymer floodingis now considered as an attractiz®R option for sandstoneeservoirswith
permeability below 100mpDin particular where lack of gas supply does not allow gas injection
Although several pilots have bepearformed difficulties such asigh retention of the chemicals,
penalizing the economics, anmbor injectivity, potentily leading touncontrolled fracturing

represent serious challeng&elamaide et al., 2014, Marliere et al., 2015)

Polymer retention increases with the molecular weight of the polymer, with the clay content,
with decreasing pereaility of the reservoir rock anavith decreasing anionic chargg the
polymer. Three main mechanisnege classically presented assponsible for the retention of
polymer in porous medigsorbie, 1991)

¥ Adsorption;

¥ Mechanical entrapment;

¥ Hydrodynamic retention.

Adsorption, the most prevalermechanism in polymer retention, is caused by physical
interactions between polymer chains and rock surfaces, such as Van der Waals attraction,
electrostatic interaction, and hydrogen bonding. For the main polymers used in polymer flooding
applications, dsorption is generally considered a8 irreversible process (Lecourtier,
Chauveteau, 1984)Bagassi et al., 1989)Pefferkorn, 1999put can vary with thenjected
polymer concentratior((Zhang, Seright, 2014) (Rodrigug Manrique et al., 201%) Low
permeabilitysandstones are usualigh in clay,which are usually considered as responsible for
high polymer adsorptioriGreen, Wilhie, 2018, Sorbie, 1991)

Mechanical entrapment was studied in particular by S¢@babo, 1975and Dominguez et al.
(Willhite, Dominguez, 1977)who were among the first to study polymer retention in porous
media. They concluded that mechanical entrapment resulting from the trapping of large polymer

molecules in small pore throats was the most sigmificetention mechanism and that it was



expected to be even more important in low permeability rocks. Hydrodynamic retention is
similar to mechanical entrapment, but is a flow rate dependent effect, meaning that polymer
retention increases with the velgci{Chauveteau, Kohler, 1974, Marker, 1973, Willhite,
Dominguez, 1977)However, this mechanism is not well understood ianmbt believed to be a

large contributor in fielgscale polymer floodéSarbie, 1991)

Martin (Martin, 1974) in one of the pioneering papers on the use diymers in low
permeability mediarecognized the risks of pluggl and injectivity issue in low permeability
rocks, but he also noted that the pore structure of the porous medium is more importast than
actual permeability. This was confirmed by another pioneering work on the s{ibgexct et al.,
1982) Another work(Vela @ al., 1976)showed that the polymer Resistance Factor deateasse
permeability increaske Treiber et al(Treiber, Yang, 1986¢oncluded that plugging by pwher
depends in particularn the permeability of the porous medium and the size of the polymer, and
that plugging was unlikely to occur far from the wellboF@r low permeability rocks, low
molecular weight polymer should be usasd large polymer moleces may not be able to
penetrate the lower permeability rocf&heng, 2011)This was showed for instance in Daging
(Wang et al., 2009Vhere the authors determined that the-meansquare radius of gyration of
the polymer should be 5 times less than the-fme@at radius of the reservoir rock. On this basis,
in a low permeability range of 5 to 20Dm polymer molecular weighshould be 1.5 to
3x10° g/mol. However, Fletcher &tl. (Fletcher, Morrison, 2008hdicated that they were able to

inject a 1&10° g/mol molecular weight polymer into a 5Drcore without plugging.

In summarythe existing literature regarding polymer transporiow permeabilitysandstone
rocksshow that (i) retention is higher than in higher permeability rocks @hdhat the potential
injectivity issue can be addressed by reducpaymer molecular weight. However, no study so
far have been devoted to finely dabing the polymer transport and retention mechanisms in
clay-rich low permeability porous media order to forecast the feasibly (in particular in view of

economics) of polymer flooding in reservoirs depending on their mineralogical compaositions



The presentwork aims at providing elements to draw a better picture of these mechanisms
with regard tahe nature of the clays and the composition of the polymer injectter. For ths
purpose,polymer injection ¢oreflood experiments were carried out # different types of
model granular porous medianade with minerals representative of the typmahstituens of
low permeability sandstone reservoirs. Namely, these porous medianaseeof: quartz grains
(reference) andnixtures of quartz graswith, respectivelya nonswelling and free of structural
charges clay (kaolinite), a nawelling with structural charges clay (illite) and a swelling clay
(smectite). In order to allow comparisons, the porous media veeedully prepared so that they
hadhomogenous permeability and porosity profiles anilar permeabilites within the range
50-100mD. Their microscopic structures were characterize@Bi.

Corefloodtests have begmerformed in all 4 types gdforous medi usingsolutions ofa single
polymertype in 3 different injection watersespectivelya low salinity water, a brinavith no
hardness and a hard brindhe polymer solutions were characterized in terms of intrinsic
viscosity and polymer particles size in solution using dynamic light sicaftéDLS) and the
polymer concentrations were adjusted so that the solutions in the 3 waters had the same
viscosity. The coreflood results were analyzed using the conventional petrophysiated
observable for polymer flooding: mobility and permeabilt reduction factors (also called

resistance and residual resistance factors) and polymer irreversible retention.



Materials and methods

For reproducibility reasons, granular porous media of controlled mineralogical composition
wereused. For each of the mineralogical compositions, polymer solutions prepared in different

brineswereinjected.

Polymer solutions

Salts used in this study for brine preparation are sodium chloride (NaCl) and calcium chloride
(CaCb, 2H,0) provided respeiwely by Fisher Chemicaland Merck KGAa Saltswere first
dissolved in distilled water, the solutievasthen filtered using &ellulose esteMillipore-MF
filter of 0.22um estimated pore diameter andgassed under vacuwwhile agitated for at least
30min. Brinescan bedefined by two parameters: ionic strength | and hardnéseic strength
evaluates the activity of ions in aqueous solution and it is expressed in rHalilness is

defined as the mass fraction of divalent cations in solution expre@spercentage (%):

A@QER=RABBKJO %5
APKP?:I-PEKE[(D? E 95>

4> L (Eq.1)

In the following, brines will be noted &*. For example, a brine of an ionic strength
|I=1mol/L and a hardness"®0% will be noted SD2.

In this study, three types of brinesere selected, thaschematically represergotential
injectionwatersin oilfields:

- A soft brinewith very low salinity(NaCl 10° mol/L): S0010

- A salted soft brinéNaCl 1mol/L) S1-0

- A salted hard brine: S@2

For this study, the polymer used is a conventional partially hydrolyzed polyacrylamide
(HPAM) Flopaam 3130S provided IBNFFloerger. This polymeris among the EOR polymers

with the lowest molecular weight and is hence adapted for applisatiomeservoirs wit



permeability less than 100mD. HPAM solutiowere prepared by gradually adding polymer
powder to the brine undstrong stirring then left overnight undegentle stirringo allow a good
dissolution of the polymer without degradation.

Beforetheir injection in the porous media, polymer solutiomsrefiltered in order to remove
debris and microgels. Filtratiowas carried out under imposed flow rate conditions using a
volumetric pump with golycarbonatenembrane with capillary pores fro8PFPorehaving a
pore diameter of 1lum and at a rate of 70mL/h. Polymer solution visomsgycontinuously
monitored on-line downstream the membrarguring filtration (with a capillary tubet see
description belowpand compared with the initial viscosity ensurehat the process induces no
viscosity loss. As a result, the high shear rate in membrane pores is always shown to be harmless

to the polymer.

Characterization

To characterize the fluids, we mainly focused on viscosity measurements

We used a LS300iscosmeter developed biroRheocand designed to measure low viscosities
at low shear rates. Measurements were conducted using a Gikgetfeometry at a temperature
of 40°C - which is also the chosen temperature for coreflood experimeMiscosity
measurema&s consistd in performing, for a duration of 20min, logarithmic shear ramps
(ascending then descending in steps) for a shear rate range of 1 &',180d measuring
corresponding viscosity.

In order to study the conformation of polymer chains in smhutthe concept ofntrinsic
viscosity[ ] was usedIntrinsic viscosity is expressdd cn/g and represents the ratio of the
volume swept by the swollen macromolecules over its niasan hence be considered as the
reciprocal of a "density in solutior{Russel et al., 1989)t can bedetermined by the Huggins

¥v?5

equation which links the reduced specific viscosity 5 4 5

to the intrinsic viscosity as

follows

Resd R?E - 4 RFP2E 1:%; (Eq2)



where Ky is the Huggins constant (empirically linked to intermolecular hydrodynamic
interactions) ¢ the polymer concentratiomand K the relative viscosity rétio between the
viscosity of the polymesolution ,oymerand that of thesolventalone pyine).

The intrinsic viscosity can therefore be easily determined experimentally by calculating the
limit of the reduced specific viscosity when the polymer concentration tends towards zero:

7L ng%eaé (Ea3)

In addition to viscosity measurements, the hydrodynamic ra@jusf the polymercan be
estimated using Dynamic Light Scatterifigne technique is based on the fluctuation of the light
scattering induced by the Brownian motion of colloidal partiofBaissel et al., 1989)
Measurements of the light scattered versus time are performed at a given scattering vector
g=(4n&E)sin( /2), being the scattering angle,the wavelength and the solvent refractive
index A correlator is used to obtain the autocorrelation fund@68 of the fluctuating intensity.

For a dilute suspension this function is directly related to the position of the individual particles.
If their size distribution is narrowG(2 shows an exponential decay parameterized by a decay
rate + ; for polydisperse and/or multimodal suspensions, the distributiorvalues is computed
from G(2 with numerical algorithms. FogR, < 1 orgR, ~ 1 (low angles), eachrvalue is
proportional © the translation diffusion coefficierDy of particles of a given size. Their
hydrodynamic radiu&,; is then given by the Stock&snstein equation:

4L G 6 xel}é& (Eq4)

Where G, 6 [4 are respectively Boltzmann constant, absolute temperaiode solvent
viscosity. It should be noted that fgR, > 1 (wide angles), internal respiration modes affect the
determination of+which is no longer proportional to the translation diffusion coefficient: as a
consequence, the size is underestimated. The experiments were performeah esipgrimental
setup provided byCordouan Technologieshe sample is illuminated by a laser tmeand the
intensity of the light scattered by particles in solution over time is collected at a fixed angle (90°)
by an Avalanche Photodiode Detector (APDhree polymer solutions prepared in the three

selected brines were characterized at a very lowesdration 0.25g/L which is below overlap



concentration C*, in order to be in the dilute regime (a necessary condition for DLS

interpretation) Temperaturavas kept constant at 20°C.

Porous media
In order to study mineralogy effect, threguartzbased porous mediahaving similar
petrophysical characteristiegith different clays(kaolinite, illite and smectiteseparately were

used together with reference porous media made only of quartz

Minerals

Quartz
In order to obtairgranular porous media havirgglow permeabilitya mixture oftwo types of
guartz particleswere used. The first one GA39 anaturalsand extracted from Fontainebleau
areaand provided bySIFRACO It contains abou®9% silicon dioxide (SiOy), its densityis
2.65/m® and its average particle sizei80pm. Before use, fines and impurities such as iron
(0.2%) were removed fronGA39 by performing repeated washes in caustic soda solution (to
remove fines by increasing the electrostatic repulsion between dinésparticles) and in
hydrochloric acid solutions (to dissolve iron impuritie$he second san@BCR-067) is a
reference quartz provided IBIGMAAldrich with an average particle size of abdadum. BCR-
067is laboratory purity grade as supplied and feaused wittout furtherpurification.

Kaolinite
Kaolinite Al ;Si,O5(OH), is the weathering product of feldspaitshas very low surface area and
cation exchanging capacitypue to its unchargedl:1 layer, strong hydrogen bonds can be
formed between the alumina and silica hydroxyl groups of octahsbestsand tetrahedral
sheets of adjacemayers, which is the reasamhy kaolinite clays are often cited as being fion
swelling (Zhang, Cresswell, 2015Yhe one usedn this studyis KGal which comes from

Washington County, Georgia, USA and is provided by @lay Mineral Society (CMS)



According to the supplieikKGa-1 stands as a particulgrpure kaolinite and was used in this

work with no further treatment.

llite
,OOLWHTYV JH Q HK\BIQSid RAIFOXO@B), (Ugually with 1<y<?) and is a2:1
phyllosilicate. Due to possible charge imbalgri@@andMg can sometimes replaée Interlayer
cations K prevent the intrusion oH,O into the structure. Therefore, the illite clays are
considered to be neswelling The one used in this study ikite du Puy (I177) provided by
Argile du Velayand purified before us&he purification cosisted in decarbonation using acetic
acid to remove carbonates (insoluble in water) followed by repeated wagtassiitsoda then
in ultrapure water before centrifugation. At the end of the purification process, the clays were
lyophilized. The CEC obtaied by LeMeur et al. (2019 in preparation) with a similar purified
procedure, is 2@ meq/100g.

Smectite
6PHFWLWHTV JH QIR2CHNR)(KRNIGHFEISIDAIEO4(OH)snH,O. It is an expansible
swelling 2:1 phyllosilicate with a permanent layeharge balanced by cations allowing water to
enter between the sheefswelling) inducing reversible cation exchanges and very plastic
properties.The measured CEC of the purified sample obtained by Neaman et al. (2003) is 97
meqg/100gThe one used in ih study is Wyoming montmorillonite (MX80) provided RETCO

France It waspurified before usesing the same procedure as for illite
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Porous media: core holder and preparation method
Using those mineraldpur different types of porous media were pregghby dry packing the
appropriate particle proportions in cylindrical eathade ofPEEK having on both ends pistons
equipped with Nylon nets with aperture of 10i{figure 1). The cells dimensions werEOcm
length andl.5cm diameter. Different intermediate connection taps allow the measurement of
differential pressure in the sectiofslcnm 1-4cm; 4-7cm and the total sectio®-10cm the
differential pressure in the secti@ilOcmbeing deduced from the results measured in the other
sections.The intermediate pressure taps emanected to differential pressure sensors, of ranges
60, 2500 and 2000@bar, provided byABB. Theywere calibrated and adjusted so ttiadre are
two sensors of different measurement ranges per section in order to improve the measurements

guality andbetter estimate uncertainties.

0-10 cm
AP

4-7 cm
AP
1-4 cm

AP
0-1 cm

AP

L ]
L T

Figure 1: Schematic and illustrationof the PEEK cell for granular porous media.

Theinteress of the intermediate pressure taps layout firgt to be able to checlor the porous
medium homogeneity during permeability measurements, then to follow the progression of the
injected fluids front during coreflood experiments and in casaaafging to detect the section
presenting the problem.

To study the impact of mineralogihe proportionof the 3 clays used was setadixed value

while the quartz proportionsere adjustedin order to obtain thexpectedpermeabilies The
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clays paiicles chosen proportiowas 8% in weight, to be representative in terms of order of
magnitude ofreal low permeability sandstonal reservoirs(Dann et al., 1982Marliere et al.,

2015 while allowing the preparation of homogeneous porous medium (the clay content should
not be too high for this purposen Table 1 are listed the proportions of quartz used for the

different lithologies(labeled respectively, "quartz”, "quartz + kaolinite", "quartz + illite" and

"quartz + smectitg"”

Table 1 : Particles proportions used for the differert lithologies

Quartz content (wt-%) Clay
Lithology Clay type | content
GA39 BCR-067
(wt-%0)
quartz 70 30 / /
quartz + kaolinite
84 8
kaolinite KGa-1
illite
quartz + illite 78 14 8
177
quartz + smectite
86 6
smectite MX80

To avoid particle segregation due to the presence of particles having different sizes and to
improve the mixtures homogeneity, a rotary agitates used Agitation was maintained for a
minimum of 8 hoursThe preparatiomwas then put in an oven at 60°Q f@ minimum of 8 hours
to ensure it is completely dry and avoid any humidity effect (capillary bridges between the
particles). Quartz and clay grainmixture was then manually dry packed in the cell. The
procedure consists of adding progressively a smatiuamof the mixture and vibrating the cell

after each addition by tapping it using a wooden stick.
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Characterization

Characterization of porosity and pore volume
Porosity and pore volum@V) of the porous medium, were determinieg gravimetry and
tomography.

For gravimetry, the mass and dimensions of theweelé simply determinedbefore and after
the porous medium packing, which allows calculating poro¥ity and pore volume PVmL)
of the porous medium.

Computerized Tomography scan (S&an)was used tgrovide the porous medium porosity
profile and an estimation of its average porosifging a medical scanner Discovery 750HD
provided byGEHD, the procedure consists of scanning the cell with aaybeam, after which
a detector measures thertsmission which varies depending on the density of the passed
through material. During this process, the cell is automatically moved in order to scan all the
sections, and the reconstruction of the obtained images constitutes the spectral profile. The
porosity profile is then obtained by the use of a correlation based on two coefficients which are
determined by analyzing the spectral profiles and porosities of reference porous media.

An example of the porosity profile using &tan obtained for a poromsedum containing
guartz onlyis given inFigure 2. Obtained results givéhe mean porositgand show the overall
homogeneity of the porous medium. Tdw@responding mean porosity i8,L ur Gs™ which

is in good agreement with th@orosity determined bythe gravimetric method( 6y L ut G

s°).
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Figure 2: Porosity profile and CT-scan imageof the quartz only porous medium.

Determination of permeability
For thefour studied porous mediguartz content waadjusted in order to obtain a permeability
around 50100mD.

For permeability determinatigrthe porous mediurnwasfirst saturated with brine (solvent of
the polymer solutio to be injected in the medium). After that, the injection veasincreased
then decreased over a range of injection rates from 0.8 to 150mL/h, while keeping each injection
rate long enough to achieve the differential pressures stabilization in thremiféections of the
porous medium.

Three cyclesof increasing then decreasing flow raigere performedin order to obtain a
reproducible and relatively uniformpermeability profile Indeed, a high injection rates can
potentiallychange thgranularporous mediunstructure by inducing particle displacemethiis
three cycles methodillowed ensuring that the granular pack wasfully stabilized and
homogeneoudn addition, aMillipore filter of 0.22umporediametemwas placed downstream of
the porous radium and connected to pressure sensors to ensure that there is no pressure increase
that would indicateccumulation of fine particlesoming from the porous mediurAn example
of the permeability profiles obtained during the three cydeagiven inFigure 3 for the quartz

only porousmediumwith S1-0 brine
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Figure 3: Permeability profiles for the quartz only porous mediumwith S1-0 brine.

This Figure shows that the sections {@cm) and (710cm) have permeabilities that are
respectively lower and higher than the mean permeability value, which is probably due to the
packing procedureNevertheless, the porous medium is @lbp homogeneoyswith no
remarkable differences between the three permeability cycles except for the last Jéwtion

corresponding medmal permeability is aroundsL yt Gv e

In Figure4 are presented thial permeability profiles of the different studied porous media

which shows that they are all in the range of the fixed permeabilitg@MD).
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Figure 4 : Permeability profiles of the 4 types ofporous media

Texturalcharacterization specific surface area determination
The determination of the specific surface anes done via physical adsorption witrigen at
liquid nitrogentemperature. The measuremeras carried out using poirity point manometry,
on aBEISORPII device provided bY8BEL JAPAN The specific surface ared studied samples
was estimated from the amount of nitrogen adsorbed regarding its pressure at the boiling
temperature of liquid nitrogen and under atmospherisspre. The isotherms obtainegre
then analyzed according to tlB¥unauer, Emmett and Teller (BE(Brunauer et al., 1938)
model for the specific surface area estimation, and by applyindédoer tplot model
(Mikhail et al., 1968¥or the accessible microporosity to nitrogen.

Results obtained from specific surface area measuremenssiigamarized imable 2 for the
different minerals and mixtures used in this study. Quartz present very low values of specific
surface area compareddlays, with illite having higher specific surface area than kaolamtk

smedctite
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Table 2 : Results obtained from specific surface area measurements

Specific surface area
(m?/g)
GA39 0.08+/- 0.05
" BCRO067 0.60+/-0.1
g KGal 7.80+/- 0.2
% 177 128.0+/- 0.5
MX80 46.0+/- 0.2

Textural characterizationscanning electron microscopy (SEM) observation
Scanning electron microscopy (SEM) is a microscopy technique allowing the visualization of
V D P S suHa¢dand shape. This techniques used as a part of porous media characterization
to visualize their shape and structure, evaluate their homogeneity and get an idea about the
organization of particles of different siZEhe electron beam scans the A HTV VXUIDFH ZK
retransmits some electrons, then a detector synchronously captures the signal induced by this
beam to form aeconstructedmage, which is the cartography of that signal.

The preparation of the sampbdé granular porous meditor SEM analysis involves several
steps: sampling, lyophilization, resin impregnation, cutting, grinding and finally polishirey.
samplewas extracted at the end of therefloodexperiment using a copper tool with a diameter
around 0.7cmlt was sampled by slowotation of the copper tool to preserve as best as possible
the medium structureOnce extracted, the sampleas lyophilized (rapid freezingat -80°C
followed by a complete vacuum dehydration of the sample to preserve its shucture

The samplavas then inpregnated with a mix of resin and hardener, placed under vacuum for
about 20min then left to dry in open air for a minimum of 48hoifter hardening, the sample
was cut and ground in order to obtain a flat surfaceualt then gradually polished with 8ibn
Carbick (SiC) abrasives witlgrainssize from 15um to 1um. The surfagess observed at each

polishing step using a binocular microscope: polishing is completed when no more scratches are
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Summary: main properties of the porous media
Table 3 summaizes the characteristics of studied porous media. It shows otbtained
permeabilities were all in the chosen permeability rafidee values of specific surface area
presented in the tablgere measured from porous media just after beemuallydry packed in
the cell Results obtained are in good agreement with a the calculated specifimsedaon the
measurements givdor eachmineralin Table2 and the minerals proportions presentedale

1.

Table 3 : Summary of the characteristics of studied porous media

Measured Calculated
Porous Porosity | Permeability
Brine specific surface | specific surface
medium (%) (mD)
area (m2/g) area (m2/g)
S0010 31.4 71
Quartz S1-0 31.0 72 0.20 0.24
S1-02 31.9 75
S0010 31.0 52
Quartz +
S1-0 31.1 66 0.73 0.72
kaolinite
S1-02 31.3 78
Quartz +| S1-0 29.8 69
10 10.4
illite S1-02 29.5 75
Quartz +| SI1-0 32.4 80
3.6 3.6
smectite | S1-02 33.1 90
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As it can be seen ohable 3, very similar petrophysical characteristics for all the porous media
were achieved using this methoth our case, a pereability around 6 £100 mD. However, or

porous media with clay, a change in permeability has been observed depending on the brine
used. As shown iffable 3, a slight change in permeabilityas observed for lithology 2 (with
kaolinite content) as the permeability is lower with decreasing salinitytheathird and fourth
lithologies *with illit eand smectite conterit,was not possible to carry out the experiment using

the bine S0010 as the permeabilitiesbtained were very unstable and of values below 6mD
resulting in a permeability decrease abund 90%.These results are not surprisingdaare

consistent with clay dispersion and/or pore bridging usually observed with low salinity brines.

Coreflood setup and procedure

Experimental setup

Brine pump

Polymer pump

0.22pm filter

Y

‘} Cell containing PM
1
=l | B

Thermostated bath

Figure 5: Schematics of the experimental setup for coreflood tests.

The experimental setip (Figure5) used for this studygonsists otwo double cylindeQuizix QX6000
pumps provided by handler Engineeringone for polyner solutions and one for brines. The latiers
equippedwith a 0.22pumMillipore filter at its outletused to remove possible impurities in the injected

brine. A capillary tube with a diameter of 500um and a length of 1.5m andpasy were respectively
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used to measure polymer viscosity and to bypass the porous medigressure sensongre connected
to the capillary tubdor viscosity measurement8ll experimentsvere performedat 40°C by the use of a
temperatureegulatedbath, composed of a watemtaand a heating coil for temperature regulation. In

order to limit evaporation, plastic bailsere placed on the water surface.

Injection protocol
In order to simulate hdepth flow in an oil reservoir during EOR operations, the injection rate
chosen fothis studywas set at 0.8ml/h, corresponding to an interstitial velocity of 0.3m/day and
an estimatedshear rat®f 20s* for a permeability around 100mD.

For polymercorefloods,polymer injection was performed in typically two stages ("two slugs
method") Initially, the porous mediunwas saturated witlthe brine to be used in each given
experiment A polymer slug at the same salinityas first injected until the stabilization of the
differential pressures, followed by a brine injectiordisplacethe poymer retained reversibly.
Then, a second polymer slwgs injected. At the end of the second slug, the injectionwase
increased up to 30 mL/h and then stepwise decreased in order to simulate the velocities around
injection wells. Brinewas finally injected until differential pressure stabilization, and the same
series of injection rate variatiomas thenapplied for the brineDuring the injection process, the
SRO\PHU YV wédl nddnitoket Wefore each slug using the capillary tube, in ordéeteat

the polymer breakthrough andntake sure the polymeras not degraded over time.

Observables
The observablesf all experiments werdifferential pressureshormalized asnobility reduction
factors and permeability reduction factorsobitity reductionfactor (or resistance factdrRy, is
directly derived from the readings of the pressure drop:
4, L LRaB1208 (Eq.5)
(2 p0alag
" Jeforine DEINgthe pressure drop during the brine injection before polymer injection’ 8R@mer

the pressure drop during polymer injection at the same injectionRat=an be determined for
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each individual section of the porous medium over which the pressure drop is determined.
According to Darcy lawRy, corresponds tthe ratio between the brimeobility N »ine and that
of the polymer solution N poymer Rm is obviously DVVRFLDWHG WR WKH SRO\P
viscosity in the porous medium amdpresents the product of the appareistosity and a
permeability reduction factor.

The partof the polymer irreversibly retained in the porous medium indwe"irreversible”
permeability reductiorthat is represented bthe permeability reduction factor (oresidual
resistance factdrRy, defined as the ratio between the reference permeability ofm#tkum
KreferenceNd its permeability after polymer injectiopbdfinjection

2 v
4L c%@u@a@a?_@ ZiagavoOcUaa

Eq6
C%aaé’c}:JaY@Ot;Uaa(JZaQUOaUaQ ( a )

" Setbrine aNd "~ Jhostinjection DEING respectively the pressure drop during brine injection before and
after polymer injection.

Considering the porous medium to be a bundle of capillaries all of radisstandingfor an
estimation of the pore throat's hydrodynamic radiasyl if the structure of the pours medium is
not altered by the injection of the polymamn adsorbed layer thicknes@§ can bedetermined
from the permeability reduction according to:

Yo L N:sF:4,;75%,; (Eq7)
wherer, writes
NL UzGo;56 (Eq8)
k being the initial permeability of the porous mediuirits porosity andDa prefactor thahas
beendetermined byChauveteayChauveteau, 1988nd found equal to 1.15 for granular porous
media.

The two slugs method allows estinmgt the irreversible polymer retention in the porous
medium by anakzing the successive breakthroughs of the two polymer slugs by the tise of
capillary tube placed at the outlet of the porous medium.

As shown schematically ifrigure 6, polymer irreversible retentionteenion (EXpressed in

Hg/g: micrograms of polymer retaingrgram of rock is quantified based on the shift between

21



theinjected polymer volumes &trreakthrough of the first and the second skspectively ¥r1
and \k2 ((Dawson, Lantz, 1972)
pcrclrgrii—li F)6F8»|'6i0(y§ér3| EE (Eq9)

with C,oi andmyp being respectively the polymer concentration and the mass of porous medium.

Effluent
concentration
A
d 15t slu
2° slug Tracer g
polymer polymer
100 % —1
Retention
50% — '
|
i
i
i
i
0% i >
Ve + Vyy, Vs Injected
Volume

Figure 6 : Schematic of the two slugs method breakthrough curves for retention

determination.

It is important to note thah most cases, where no pluggioccurs, retention is often associated

with adsorption considered to be its major component.
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Results and dscussion

Polymer solutions
Before selecting the brines to be used in coreflood experimevits;anmetricstudy was carried
out using bringof various ionic strengths and hardnesses and different concentrations.

It should first be stressed that, dueth@ relatively low molecular weight of the polymer
investigated, all polymer solutions have been shown to be Newtonian over the range of shear rate
investigated (1 to 106%). The viscosity results presented and discussed in the following should
hence bainderstood as viscosities on the Newtonian plateau.rdhdtsobtained in termf
relative viscosityK as a function of polymer concentration are showfigure 7. Apart from
the classical increase of viscosity with concentratior, motice that the polymer viscosity
decreases with increasing salinity and hardness, which is the usual consequence eof charg
screening effects. In other wordde polymer concentrationsequired to achieveéhe same
relative viscosity are higher for high values of ionic strength and hardness.

Intrinsic viscositie A were derived from the viscosity measurements in ordetutty she
polymer chains "density" in solution with regard to ionic strength and hardness. Results versus
ionic strength and hardness on intrinsic viscosity are presenfieabla4 and also, respectively,
in Figure 8 (a) (intrinsic viscosity versus. ionic strength for fixed hardnessesfFmuie 8 (b)

(intrinsic viscosities versus hardness for fixed ionic strengths).
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Figure 8 : Intrinsic viscosity vs. (a) ionic strength for fixed hardnesses and (b) hardness for

fixed ionic strengths

We observd that increagng the ionic strength with fixed hardness as well as inangathe

hardness with fixed ionic strength indsce decrease imtrinsic viscosity. Theseresuls are
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expected as the added sadteenghe polymer side chains charges which leads to a decrease in
hydrodynamic volumemeaning a higher "densitghd thus a lower intrinsic viscosi{yntrinsic
viscosities from 6538m°/g in S0010 to 830cm®/g in S10). In thecase of increasingardness,

the screening effeatas even more significarf830cm®g in S0 to 450cm’/g in S:02) as the
divalent cations bind more tightly to the polyelectrolyte due to theuble charge(bridging
effect)and polarizability which results in denser polymer ché8iseng, 2011)

For the subsequent assays (in particular coreflood testg)the three abovmentioned brines
(S0010, S10 and S102) will be investyated. Furthermore, it was decided to set a fixed relative
viscosity for each polymer solution investigateld §10) in order toasses for the impact of
brine composition in conditions representative of typfealtl application of polymer flooding.
Accordingly, polymer concentrationaere adjusted to meet this ratiepending on the brine

typeas shown inmrable4.

Table 4 : Summary of the characteristics of selection polymer solutions for corefloods

Polymer Intrinsic
lonic Total
Hardness concentration viscosity
Brine strength salts Ky
(%) corresponding to > @
(mol/L) (g/L)
=10 (cm’lg)
S00%0 0.01 0 0.6 0.7 6530 +400 0.24
S1-0 1.03 0 60 3.8 830 + 45 0.57
S1-02 1.03 20 57.2 5.2 450 = 15 1.21

Discussion orthe intrinsicviscosites have to be confronted tihe DLS measurement®LS
resultsalways indicated that hydrodynamic sizes of the solutes veerghly of the order of
300nm, but unfortunately, u to the polydispersity in size of the polymer solutidingy camot
be translatedin precisehydrodynamic sizesThey can however be discussed using the raw

autocorrelation functions. As shown kigure 9, a shift towardshigher decay rates is clearly
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observed when the salinityas increased from SO061 to S10. This corresponds to larger
diffusion coefficients and hence to sneslhydrodynamic sizeandis consistent with a higher
"density" in solution of the chains in ®lthan in SO0D. When hardness increased from SQ

to S102, on the contrary, a shift towards larger hydrodynamic sizes is observeds This
apparent camadiction with the decrease in intrinsic viscosity suggesting higher density. The
results can be reconciled considering the values of the Huggins con&ianA¢ reported in
Table 4, Ky. significantly increases from S1 (Ky = 0.57) to S102 Ky =1.21). This suggests
that attractive interactions between chains exist in the hard brine (likely becausecatidhe
bridging effect entailed by the divalent cationgventually, the viscosity andDLS results

suggesthat in S1-02, solutes made of multiple, but dense, polymer chains are present.

Autocorrelation function

0 I 1 I I I
0 2000 4000 6000 8000 10000 12000
Sampling time (us)

Figure 9 : Autocorrelation function versus sampling time from DLS measurements

Microscopic structure of the sand and clays packs
SEM experiments were carried out in ordemtgestigate the structure of tperous mediand
assess for thelmomogeneityThe results are presentedrigure10 for a view of the quartz only

porous mediand onTable5,
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Table6 andTable7 for comparisons between the quartz only porous media and, respectively, the

quartz and kaolinite, quartz and illite and quartz and smectite porous media.

As a general outcomell SEM observationsonfirmedthe homogeneity of the pons med.
The case shown on Figure &tands as a good example forsthiy analyzing the SEM image,
the calculated proportions, 70fdr GA39 and 30% of BCR67, were foundn agreement with
the proportions uskin the mixture (Table 1) anal goodspatialrepartitionat pore scal®ef the
small particles towards bigger sand graivess also observed he other SEMimagespresented
and discussed in this section can also be considered as representative of the structure of each

porous medium

Figure 10: SEM image obtained for a quartzonly porous medium (MP %2, brine S%0)

The images corresponding to the quartz and kaolinite porous métalie5) show that

kaolinite grains are smaller than quartz grains and that they are well separated. No changes have
also been observed with regard to salinity, as in low (£)@hd high (SD2) salinities the

porous media structures are similar. Toidservation is not surprising as kaolinite grains are not
particularly charged in our experimental conditions

For porous media containing illite, images Béble6 show that, unlike kaolinite, illite was

stronglyaffected by salinity. In low salinity (S0€d), because of the nescreened interactions
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between the clay grains, unstable illite filaméke structurevere formed. This resulted in
reducingdrasticallythe permeability and impairing the mechanical stability of the granular
packs. As a consequence, it was not possible to carry out polymer injection experiments in
S00210 in presence of illite. For the higher salinities{bik shown as an example but the
obseved structure was similar in SI2), conversely, illite aggregates were formed with a size
close the quartz grains and the granular packs were found to be stable. Polymer injection
experiments could hence be performed.

For the porous media with smect{feable7) similar observationas for illite were made, with
the same practical consequengaamely it was not possible to perform polymer injection
experiments in SO0GQ). However, the smectite aggregatdsserved in high salinity conditions
included micronsize voids whichmade them potentiallynore accessibléo polymer than the

illite aggregates.
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Table 5: Comparison between SEM images ajuartz only and quartz + kaolinite porous

media

Quartz Quartz + kaolinite

S10 S00%0 S1-02
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Table 6 : Comparison between SEM images of quartz only and quartz + illite porous

media

Quartz + illite

S1-0

3C




Table 7 : Comparison between SEM images of quartz only and quartz + smectite porous

media

Quartz Quartz + smectite

S10 S00%0 S10
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Polymer transport properties
Mobility reductions
The first observabkeof the polymer injection testsethe mobility reductionfactors Ry,. For all

tess, plots ofR, versus the number of pore volumes of polymer solution injected anaigzed

for each section of the porous meddn example othesecurves is given ifFigure11] for the

quartz + kaolinitgporous mediagxperimentMP2-2, the R, curve for the 7.0 cm section is not
shown as it is a calculated plot and not a direct experimental measurerBentlar trends were
obtainedon theinternal sections (4 cm and 47 cm) for all experiments. Irthe following, we

will presentand dscuss onlyresults obtained in the intermediate sectierci for the sake of
simplicity and because results obtained on this internal sectioal\aagsrepresentative of the

entireporous medium.

Figure 11 :Resistance factor in different section of MP22, brine S%0.

In|Figure 12|andFigure 13jare presentethe curves oR, versus the number of injected pore

volumes obtained on section7Zm for the 4 types of porous media and the various brine
investigatedFrom these resultshe porous mediaacbe orted in two groups
- in the quartz and quartz + kaolinite porous me&ga,increase as a consequence of the

propagation of the viscous front withlimited delay due to the retention of the polymer and
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stabilizesaround 22 + after less than two porelumes injectedThisfaststabilizationsuggests

that "simpk" interaction mechanisms are in play betwpelymer andsolids Furthermore, the
stabilizedR,, values do not exceed, depending on the salinities, about two times the relative
viscosities of the injected solutiorfs 8 ). This indicates that the permeability reduction
entailed by the injection of the polymer is limited to a factor of abouttwidhat nopluggingis

taking place In the following, we propose to analyze the results obtained with these two porous
media in terms of creation of adsorbed layers of polymers ogréressurface;

- in the quartz + illite and quartz + smectite porousdme the results show much slower
stabilization ofR, after the propagation of the viscous front, with increasing trends still observed
after 6 pores volumes injected. In additifor, the quartz + illite porous medithe permeability
reduction strongly epends on the hardness, WRh above 40 after 6 pore volumes injected in
the S10 brine. More complex polymetsolids interactionslearly take place for these two
mineralogies In the following, we propose to analyze the results by focusing on theeedtu

the sand and clays porous structure.

Irreversible retention and permeability reductions

In[Figure 14|are shown the polymer irreversible retentions obtained for the 4 types of porous

media and the various brines investigafHtese results show that, for all mineralogies, polymer
retention inceases with increasinigoth ionic strength and hardness and thatitlceementis
more marked in presence of clays. Thegpectedoverall behaiors are the consequence of
charge screening effects, cationic bridging between polymer and surface as wgl syseleific

surface area when clays are present.
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Figure 12: Resistance facto(Ry) on section 24 cm versus number of pore volume injected
for tests with thebrines investigated(S0010, S0 and St02) in the quartz porous nedia

(left) and the quartz + kaolinite porous media (right).

Figure 13: Resistance factor Ry,) on section 14 cm versus number of pore volume injected
for tests with the brines investigated (SD and St02) in the quartz + illite porous media

(left) and the quartz + smectiteporous media (right).

The main question to address to understand how the polymer was retained in the porous media

is the correlation between irreversible retention and permeability reduction. Theapéityme
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reduction factors (or residual resistance factof®), determined for all the experiments

performed on the 4 types of porous media in the various salinities are presghtpae 15

It appears that for the cldyee porous media,R¢ and irreversible retention are
straightforwardly correlated, wittR¢ very close to 1 (namely 1.05, meaning only 5%
permeability reduction)n S0010 increasing to 2.2 in SQ. For the quartz + kaolinite, a
surprising decrease with ionic strength increase is observed. When hardness is inBxeased,
increases for all types of porous media, which is consistent with the irreversible retentitsn res
However, the highR obtained in the quartz + illite and quartz + smectite porous media (from 6
to 9), compared to thB for kaolinite (2 to 4), are unexpected considering that the irreversible
retention values are lower in quartz + illite and quarsmectite than in quartz + kaolinite. This

observation is even more surprising when the irreversible retentions are converted from unit

mass to unit specific surface area, using the BET data presefifafdle3| The corresponding

results are presented|kigure 16|: they show that the polymer irreversible retentiper unit

specific surface area is mudbwer in quartz + illite and quartz + smectite than in quartz +
kaolinite and even quartz. This obviously means that the specific surface area as determined BET
does not correspond to the surface actually accedsilitee polymer. To analyze the relation
between irreversible retention and permeability reduction, it is usually asq@oejk! et al.,

2018) that the polymer is retained mainly by adsorption on the porous rock's surface and that the
adsorbed layer of polymer reduces the diameter of the pore throats accessible to flow, hence the
permeabity (this statement leads to Eq. 7, presented above). As, for quartz + illite and quartz +
smectite, highR¢ are observed together with low surface adsorption, irreversible retention cannot
be due, at least mainly, tinly a simplesurface adsorption ithese porous media. This major
outcome implies that the main mechanisms for permeability reduction and retention must be
different in these mineralogies. It also supports the decision made frdry, theta to apply the

adsorbed layer analysis only to theagtz and quartz + kaolinite porous media.
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Figure 14: Polymer irreversible retentions (expressed in massug + of retained polymer per unit
mass of sand and clays grainsg) determined for the 4 porous media investigated in thearious

injection brines.

Figure 15: Residual resistanceor permeability reduction factors (Ry) determined for the 4 porous

media investigated in the various injection brines.
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Figure 16. Polymer irreversible retentions (expressed in massug + of retained polymer per unit of
measured pecific surface area of the sand and clays grains) determined for the 4 porous media

investigated in the various injection brines.

Adsorbed layer analysifor the quartz and quartz + kaolinite porous media
In this section, we propose test the validity ofthe representation of polymer retention as the
creation of a homogenous layer of adsorbed polymeranalyzing the results in terms of
adsorbed layer dsity. From the determinatioaf the irreversible retentioper unit surface and
of the adsorbed layer thicknesterived from thd, values(see Eq. 7 and 8), an adsorbed layer

density &4scan beestimated as follows:

éoxagé“”—v‘f’“”éé (Eq.10)

Regarding the quartz porous medidsarbed layer thicknessand densies are plotted in

Figure 17| for the threeinjection brine investigated Apart from thecase in which almost no

polymer isretainedin SO0%0, it appears thathe adsorbed layer densitgaches550g/m® in
S1-0 and1440g/m® in S1-02 while the thickness remains close to (I8 in both brinesThis

marked increase of the adsorbed layer's density with hardness eapléi@edconsidering the
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outcomes of the viscometrand DLS studes (se€gTable 4| and|Figure 9r: in the hard brine,

intrinsic viscosity is two times less than the soft brine, which meanthat the solubilized
polymeric objects are densevhile according to DLShey are not smaller in size. This is due to
both cationic bridging by C& ions within each macromolecules (intthain attractive

interactions) andto someextent between macromolecules (intenainsattractiveinteractions).

From these considerationss schematicallpresented iffFigure 18 it canbe understoodhat a

significantly denser polymer adsorbed layeds created when polymewas injected in S102
than in S10 (because of intrahain attractive interactions) while having a similar thickness
(because of intechains attractive interactionshese elemdn justify the entire adsorbed layer
analysis for the quartz porous media. As a result, for this type of porous, thedmesent study
confirmsthat the polymer is meanly retained byfast' mechanism of adsorption at the pore
walls, including the porehroats, creating an almost impermeabled homogeneoukyer
responsible for the permeability reduction.

Regardinghe quartzand kaoliniteporous mdia, alsorbed layer thicknessand densiesare

plotted in |Figure 19| for the threeinjection brine investigated Results firstly show that, ith

increasing ionic strengtladsorbed layer density increases from 620°gn$0010 to 2830y/m®

in S1-0, while the adsorbed layer thickness remains close trfi.3The density variation is
consistent with the marked decrease in intrinsic viscosity from -80@il St0 (classically
interpreted as a charge screening effdat) the fact that the thickness raims the same is
surprising in view of the DLS resultdndeed,as no mechanismm promoting interchains
attractive interactionare in play in SP, the polymer patrticles are smaller than in SOGdnd
the adsorbed layer should be thinng¥hen hardness isicreased, adsorbed layer density

decreases from 283fIm® to 2060g/m® while the thickness markedly increases fromh8to

0.75um. Such behavior, whichs schematically presented @FRigure 19| contradicts the

outcomes of the viscometric and DLS study and can hence not be interplatetheans that
the adsorbed layer analysis fails for the quartz + kaolinite porous media. As the polymer

retention melkanism remainsfast' in these porous media (similér that in the quartz porous

medig accordingto the Ry, vs. number ofpore volume injected results, $Egyure 12), direct
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interactions between polymer and surface could neverthstdisbe the main mechanism in
play. The fact thatproviding quantitative data on the polymer adsorbed layer is not p®ssibl
could be due tathe inhomogeneity of the adsorbed Igyatginating inthe different chemical

affinity of the polymer for kaolinite and quaytzspectively

Figure 17: Estimations of the polymer adsorbed layer thicknessemnd densities for the tests

performed in the quartz porous media for the various salinities investigated.

Figure 18: Graphical interpretation of the impact of ionic strength and hardness on the thickness
and density of the polyner adsorbed layer in the quartz porous media. For thisype of porous

media, the adsorbed layer analysis is relevant.
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Figure 19: Estimations of the polymer adsorbed layer thicknesses and densities for the tests

performed in the quartz + kaolinite porous media for the various salinities investigated.

Figure 20: Tentative graphical interpretation of the impact of ionic strength and hardness on the
thickness and density of the polymer adsorbed layer ithe quartz + kaolinite porous media. For

this type of porous media, the adsorbed layer analysis %ot relevant.
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Textural analysis for the quartz- illite and quartz +smectiteporous media
From the experimental results acquired in the present stuelyextural analysis proposed for
the quartzt+ illite and quartz + smectite porous media can only be qualitative.

The main elements availabfeom the polymer injection testare the following: longerm

increasingRy, trends abnormally low retention givete specific surface aread highR,. From

the SEM observations, presented able6jandTable7| aggregates of illite and smectite as large

asthe larger quartz grains hagkearlybeenformed in brine. It is clear that these aggregates hold
the vast majority of the surface ar@atheir microstructures. A pogrenetration of the polymer

in the aggregatesan henceexplain the very low retentien because it isletermined ugg a
technique based on polymer injected volume at breakthrough, hence accountifay Gfagt"
mechanismsin this line of interpretation he slow increasingR,, trendscould be the sign ch
slow diffusion of the polymer ito the aggregatesnot accoated for in the retentionThis

hypothesis is supported by the following observatiRp.curvestend to stabilie slowerin the

quartz + illite than the quartz + smeetiporous media (sg€igure 13), whereas the illite

aggregates appear denser than thagnoéctite,on which some porosity appear in the ptf-
scale enlargement pictures. Both dynamic (coreflood) and static (SEM) reselthence
consistentn suggeshg that smectite aggregates are more penetrable than illite aggregates.
The highR¢ cannot be straightforwardly explained as the available results do not provide
information on the microscopic localization of the irreversibly retained polyhiey could be
linked to the slow penetration of polymer into the aggregates through polymer accumulation at
their outer surface, leading to plugging of some pore throats, hence reducing the permeability.
Overall, in the quartz + illite and quartz + smexporous méia, polymer tsurface interaction
likely remainsthe basenechanism, but polymer transptotvards adsorptiositesis limited by
the diffusion of the macromolecules in the illite and smectite aggregatesh is a slow

mechanism.
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Concludon

The transport properties of polymer solutions have been stumliedontrolled and well
characterizedlayeygranularporous media with permeabilities between 50 andriDQhaving

simple mineralogies(quartz only, quartz + kaolinite, quartz + illitechquartz + smectitevith

8 wt-% contents in each respective clagad for various composition of injection bem Such
properties are representative of "low permeability” sandstone reservoir that could be targeted for

chemical EOR applicatian

The outcome show that for clayey porous medidahe petrophysical parameters traditionally
used to describ@olymer transporin porous mediagmobility reduction factor, permeability
reduction factor and irreversible retentiawgmot straightforwardly be ietpretedin terms of
creation of polymer adsorbed lagenamely:

x for the nonswelling and uncharged clayaélinite) polymer transport is easy but involves
high retention. Although creatiasf adsorbed laysris likely to be the main polymer retention
medianism, the layers are heterogeneous;

x for charged or swelling clays (illite and smectite), polymer transport is difficult, but retention
not as high as expected. Polymer retention argpeapverned by diffusion into clay

aggregates.

The quantitativeresults presented in this work calirectly be used forforecasting the
feasibility of polymer floodingoperationsin clayey"low" permeability reservoirsconsidering
the impact of retention rothe quality of the irdepth tansport on the economicBurther
understanding could be achievedpbyforning experiments in diluted suspenssoro identify
the microscopic polymetlays interaction and propose a modelifgom a more applied
perspective, practical insights could be achieved by appliegexperimetal methods and

interpretatioframework proposed in this study oaturalclayeyporous media
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