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Abstract

The goal of the present paper is to provide a comprehensive review of the literature describing the
physical and chemical mechanisms for enhanced oil recovery under smart waterflooding in carbonate
reservoirs. Advanced, or smart waterflooding is a term denoting directed alteration of the ionic
composition of the injected brine in order to achieve a better oil recovery, in particular, the low salinity
flooding. While injection of a low salinity brine in sandstones is well described, the acting mechanisms of
advanced waterflooding are not fully clarified, and only few reservoir-scale tests have been carried out.
Demonstration and comparison of the different phenomena explaining the effect of smart
waterflooding are the goals of the present review. Unlike the previous such reviews, we do not only
concentrate on the phenomena occurring on the rock-brine-oil interfaces, but also address dynamic
phenomena caused by flow, like fluid diversion and emulsification. The paper comprises an up-to-date
information, classification and guidance and, consequently, is intended to serve advancing the research
in the area of smart waterflooding in carbonates.

Keywords: Engineered water injection; smart waterflooding; low salinity; carbonates; physical and
chemical mechanisms of recovery; improved oil recovery



1. Introduction

Smart waterflooding in carbonate rocks has recedtigwn an increasing attention. For
sandstone rocks smart water flooding is often ifledtwith the low salinity flooding (Bartels et
al., 2019; Afekare and Radonjic, 2017; Sohal et 2016). However, in carbonates the
approaches to smart waterflooding may be more sivetn this work, the term ‘smart
waterflooding’ is used to denote production of &iddial oil by injection of a specially prepared
brine, which has a different ionic composition frohe formation water or previously injected
brine. Although injection of low salinity water &pplicable also in carbonates (Derkani et al.,
2018), addition or removal of particular salts @ming calcium, magnesium, sulfate and other
ions may also be an option.

Compared to other methods applicable to enhancemmeniitrecovery from carbonates, water is
easy to inject and is usually relatively inexpeasiaithough desalination and getting fresh water
may be a challenge in some places (Yousef et @L1)2 Injection of low salinity brine for oil
recovery was applied long ago (Goolsby and Andert664; Hallenbeck et al., 1991) and was
recognized as a method for enhanced oil recovergtfteast fifty years (Bernard G.G., 1967).
Active development of this recovery method statigdevealing the acting mechanism of low
salinity waterflooding in sandstones (Tang and Marr1999). This form of smart waterflooding
has been successfully applied in sandstone resgri@ghaeifar et al., 2015; Alvarado et al.,
2014; Austad et al., 2010; Jackson et al., 201&nktsov et al., 2015; Mahani et al., 2015;
Morrow and Buckley, 2011; RezaeiDoust et al., 2Rdtondi et al., 2014; Shehata and Nasr El-
Din, 2015; Suman et al.,, 2014; Zeinijahromi et &Q15), followed by development of
desalination technologies (Ayirala and Yousef, 2016lowever, application of smart
waterflooding for development of carbonate reses/bias so far been limited to separate pilot
tests (Rassenfoss, 2016; Yousef et al., 2012a).

A possible reason for limited application of smaraterflooding in carbonates is thatthe
involved physico-chemical mechanisms are not fulgrified yet. The literature suggests
different recovery mechanisms, and the experimedtth look sometimes controversial.
Absence of clarity about the working mechanismaltesn impossibility of formulating the
operating conditions for successful applicatiorsiwiart waterflooding in carbonates, contrary to
sandstones, where the LoShltechnology was successfully implemented by BP érag al.,
2008b).

Recently, several review papers have discussedt snaerflooding from different angles
(Jackson et al., 2016; Afekare and Radonjic, 2(¥yirala and Yousef, 2016; Bartels et al.,
2019; Derkani et al., 2018; Sheng, 2014; Sohall.e2816). They have put a great effort on
explaining the chemical and physical processesrébry and field tests, as well as required
working conditions for low salinity flooding. Extsive work has been put on comparing and
grouping the reported experimental observations famding the links and inconsistencies
between similar studies. Analysis of the workingchrenisms for low salinity flooding has also
been carried out, especially, regarding solid-tiqwnd liquid-liquid interface interactions
(Derkani et al., 2018). The disucssion has alsm leeéended to a more fundamental level, of the
interaction between the different length and tirnaless under low salinity flooding (Bartels et



al., 2019). Still, some mechanisms have remainedvered by the current reviews, or described
only with regard to low salinity flooding. Some eeschers applied surfactants and polymers
assisted smart water and low salinity brines torowe oil recovery (Alagic et al., 2011; Gupta et

al., 2011; Karimi et al., 2016; Shaddel and Tabatalejad, 2015; Shaker Shiran and Skauge,
2013; Standnes and Austad, 2000a, 2000b; Sun,e2(l4). This is outside the scope of the

present review.

The present review paper aims at providing a comapte/erview over the oil recovery
mechanisms under smart waterflooding in carbonateks; and experimental evidence
supporting or contradicting these mechanisms. We haed to classify the chemical and
physical phenomena explaining positive effectsrmoéit waterflooding. Such classification may
only be approximate and relative, since (as redllmg many authors) experimental behavior of
the rock-fluid system and additional oil productianme the results of multiple mechanisms acting
simultaneously. We have approximately divided tiermmena observed in a oil-brine-rock
system intcstatic anddynamic phenomena.

The static phenomena may in principle be observed and studied in thpeerments where no
flow is required. Such phenomena like wettabilitiei@tion or compaction are static. It may
happen, however, that the static mechanisms manifedf differently in the flow-through
experiments (like selective compaction may resuftdw diversion).

On the contrarydynamic phenomena require appearance of the flow. A characteristanegle is
flow diversion due to plugging of high-permeableas. There are many phenomena that are on
the border between static and dynamic, like foramatf emulsions. We have included them into
the dynamic phenomena, since in most cases theyedguid movement (snap-off, vibrations)

in order to develop to a significant extent.

Most of the literature is related to the static hdsms, investigating chemical and physico-
chemical transformations occurring on the oil-roekater-rock or water-oil interfaces, as
reflected in the previous reviews (Mahani et ab12, Sohal et al., 2016; Derkani et al., 2018).
We have tried, on the other hand, to keep the d&goo more balanced, overviewing also
mechanisms that have not been addressed as exlgngivsandstones, it is a combination of the
static and dynamic mechanisms (surface chemistdy ratease of fines) that has resulted in
successful application of the low salinity floodirg similar combination is probably required to
successfully apply waterflooding in carbonate rocks

The paper is organized as follows. Section 2 dsesishe static mechanisms relevant to smart
waterflooding. Section 2.1 covers phenomena reltdedettability alteration, like surface ion
exchange, surface charge alteration, mineral diisol or precipitation. Other static
mechanisms, like modification of the oil-brine irgee, viscosity reduction and rock
compaction, are reviewed in section 2.2. SectiatisBusses dynamic mechanisms, like those
related to general flow dynamics, heterogeneitpdpction of fines and emulsions. The paper
ends with the general discussion.



2. Static mechanisms
In this section, the static phenomena that canappithout any flow through porous media are
presented. Wettability alteration, surface ion exade, change of the surface charge, rock
dissolution, interfacial tension and oil viscosigduction, as well as rock compaction, fall into
this category.

2.1 Wettability related mechanisms
2.1.1 Wettability alteration

Wettability alteration is usually not a separatechaism, but an effect produced by other
microscale mechanisms, such as surface ion exchaugice charge change, double layer
expansion, mineral dissolution. However, some agthefer to wettability alteration without
explaining, or giving multiple explanations of, hatwappears. In order to cover such cases, we
present a review accounting wettability alteratiea a separate phenomenon. Particular
microscale mechanisms that may lead to wettabdltgration are considered further in the
review.

Measurement of wettability

In petroleum applications, there are several nanvadent ways to quantify wettability. The
wettability of a solid surface can be specified rgasuring the contact angle of an oil drop on
the surface (Dandekar, 2013). On the other hanttabibty of a porous medium, namely the
rock, can be described by Amott-Harvey, USBM, onikir indices. Another method, based on
the difference of sulfate and thiocyanate adsomptmas introduced lately to measure the
wettability of chalk (Strand et al., 2006). The laus claim that it is faster than the Amott-
Harvey method and provides similar results for khdlhe methods based on the electrical
resistivity and NMR spectroscopy have also beetiegKatika et al., 2018).

Effect of oil composition
The acid and base number of oil may have an impacthe initial chalk wettability, which
dictates the effectiveness of wettability altenatity smart water flooding. It was pointed out that
oil wet surfaces are not preferable for wettabisitieration if an oil does not contain substantial
amount of acidic components (Austad and Standrf)2

The acid number (AN) is the major parameter thetewnines rock wettability (Zhang and
Austad, 2005). Usually, the carbonate rock surfexepositively charged. This facilitates
adsorption of the negatively charged carboxylicugsy whose amount is indicated by the AN.
Therefore, the higher the AN, the more oil-wet thek can be (Standnes and Austad 2000).
Austad and Standnes (2003) studied the impact ofoANvettability of Stevns Klint chalk by
imbibition experiments. It was shown that oil reepyv substantially decreased with increased
AN. The difference in recovery was as large as 3@%he AN varying from 0.08 to 0.70.

On the other hand, the base number (BN) plays ammie on rock wettability. Puntervolet
al.( 2007) performed a series of imbibition experinsenith the oils having a constant AN (0.5
mg KOH/g), but a wide range of BN (0.178-2.08 mgHK@). The final recovery varied within
only 10%, which is much less significant than tlagation obtained by changing the AN.



Beside AN/BN, other details of the oil compositisych as fraction of heavy components
(resins, asphaltenes) and viscosity also have inpasmart water flooding. Zaha al. (2010)
carried out core flooding experiments with crudie éiom Latin America, North Sea and Middle
East, which have a wide range of asphaltene canidm additional recovery by injecting
modified seawater varied between 1.2% to 4.5% ifterént oils.

Effect of potential determining ions
It has been reported by many researchers thatirceotas in a brine may promote wettability
alteration of the rock surface. Rezaei Gomari aminbuda (2006) performed contact angle
measurements to investigate the effect of NaCl, M@dd NaSO, on wettability alteration.
Contact angles of fatty acid drops on calcite s@favere measured in different brine
environments. It was observed that the Mg&id NaSO, solutions changed wettability more
effectively than the NaCl solution. Alshakhs andvicek, 2016, also studied the impact of’Mg
and SQ* ions on the contact angle. The measurements warfermed on an Iceland spar
crystal chip at ambient conditions. It was obsertred the contact angle was reduced from 95.7
to 55.4 degrees when the aqueous phase variedsramater to a MgSQich brine.

In agreement with the above observations, (Rashial.e2015) found that Mg alone could
change wettability of the rock surface, and presené SQ* could enhance wettability
alteration. Karimiet al.(2016) observed also that wettability alteratiomisre pronounced when
both M¢* and SG* are present. Similar observations regarding tfecebf M¢f* and SG* on
the contact angle were reported by Karoussi anddddan, (2007). However, in contradiction
with these observations, Gupeh al. (2011) found that S§&& and C&" ions play a more
important role than Mg ions. This was established by the contact anglesorements at 90 °C
with a model oil consisting of n-decane with 0.1586yclohexanepentaonic acid.

In surprising contradiction with the above resultashkarbolookiet al. (2017) reported that

distilled water altered the wettability of a carlate reservoir rock from strongly oil-wet to
strongly water-wet, while high concentrations of QllaCaCh, MgCl, solutions did not

significantly change the contact angle. MeanwhH&l was found to be able to alter the
wettability to strongly water-wet. A capability d¢he different salts to alter wettability was
reported to be: KCI > DIW > NaCl > Mggb CacCy.

Effect of low salinity brine
Injection of low salinity brine may also make theatk more water-wet. However, the reported
results of contact angle measurements with lomiglbrines are rather controversial. Yousef
al. (2012) performed such measurements under reserwoditions and pointed out that diluted
seawater makes the reservoir rock more water-wahavliet al. (2015) also observed lower
contact angles for seawater and diluted seawatmn fbr the formation water. However,
Mohsenzadelet al. (2016) did not observe a significant change intacinangles by low salinity
brines.



Patil et al. (2008) measured the Amott-Harvey indices of thee€dlooded by a low salinity
brine. The cores became more water-wet after flfugpdit was concluded that mechanisms
involved in low salinity water injection (LSWI) remble those engaged in alkaline flooding.

Al-Shalabiet al. (2014) investigated the main mechanisms behind L8Woil recovery from
carbonates through history matching of the resaftghe core flooding experiments. The
experimental data used in this study were repobgdvohanty and Chandrasekhar, (2013).
Wettability alteration was shown to be the main hagsm of the LSWI. Incremental oil
recovery was found to be mainly controlled by thkative permeability for oil, rather than for
water. A difference between the experimental anddetiog outputs was attributed to
heterogeneity of the core samples.

Shenget al. (2010) compared the effect of wettability altevatiunder different oil-water
interfacial tensions, in both fractured and norctineed dolomite reservoir cores. Input data were
obtained from the experiments of Hirasaki and Zh&p@04). It was concluded from the
simulation that wettability alteration played areetive role only when IFT was high, which was
more important at the early stages of the experisaen

Zaeri et al. (2018a, 2018b) carried out Amott (ibitoon) tests with the reservoir oils and the
carbonate rock materials from Iranian petroleunemesirs. It was showed that there is an
optimum degree of dilution corresponding to a maximrecovery. The recovery under
imbibition of the 20 times diluted brine was foutal be higher than under imbibition of the
distilled water. These results were confirmed byasueements of the contact angles. It was also
found that a higher permeability promotes the recp\by the low salinity brine. The authors
explained this effect by interplay between viscand capillary forces.

Salinity gradients

Shehataet al. (2014) injected brines with different ionic strémgnto limestone cores at 195°F.
The main conclusion of their work was that a suddesinge in salinity is more important than
salinity itself. Mobility of the oil drops under mang salinity in the surrounded brine may be
caused by the effect called diffusiophoresis (Rriamd Roman, 1987). A double layer around a
drop in the surrounding concentration gradient rbaynon-uniform, which creates a moving
force.

Zaeri et al. ( 2018b) showed that recovery by intiaib of the low salinity water increases much
if the rock contains initially a certain (but nai-&arge) amount of the saline connate water.
Increasing the initial water saturation to a certzaalue improves the oil recovery, but any further
increase has a negative impact. As discussed by &aal. (2018a), existence of initial water
saturation may facilitate ion transport betweenrthek surface and the brine leading to the rock
wettability alteration. Another explanation mighg, though, that the formed salinity gradients



cause diffusiophoresis of the oil drops and theinipg of the infinite oil cluster. This
mechanism needs further study.

Effect of temperature
It was reported by various researchers that ternyeraffects wettability alteration. Schemilete
al. (2006) measured the Amott wettability indices $andstone and carbonate cores. It was
shown that increased temperature can change tlkewettability from intermediate and low
water-wet to strongly water-wet. Hamouda and Refzamari (2006) reported also that
increased temperature could make calcite surfage mater-wet. Contact angle measurements
confirmed these observations: contact angle dsecewith increased temperature, indicating a
more water-wet surface (Karoussi and Hamouda, 209 'positive effect of high temperature
was also reported by Zaeri et al. (2018a, 2018b).

However, there is a different possibility. Anhydralissolution by low salinity flooding may
supply C&" and S@” to the injection brine in-situ, which are among ey ions to trigger
wettability alteration (Austad et al., 2015; Stragtchl., 2017). If the solubility of anhydrate in a
particular brine decreases with increased temperatiue amount of Gaand SGQ* supplied by
anhydrate dissolution may also decrease. This magasemperatures unfavorable for
wettability alteration.

Discussion

It can be seen from the above review that the ohiens of wettability alteration mechanism
are not always consistent. Most studies used tiacbangle as an indicator of wettability.
However, some important information, such as serfacighness of the solid substrate and the
time scale of the measurements, was rarely repofitedse factors could largely affect the
measurements. The contact angle is not only relatéide brine composition, but also to the oil
composition and rock mineralogy (Buckley et al. 893Hence, the results reported by different
researchers, who applied different materials inirtlexperiments, may not be directly
comparable.

Another factor that is worth discussing is an oplistate of wettability for oil production. While
most published results imply that a more water-wek is preferred for oil production, Skauge
and Ottesen (2002) pointed out that an intermedi@testate is most efficient. They summarized
waterflooding results from 30 fields from the NoBka area and plotted residual oil saturation
against Amott-Harvey index. The lowest residualsaituration was found when the index was
around zero (which indicates intermediate-wet rock) possible explanation is that the
magnitude of capillary pressure is minimized at th&ermediate-wet state, which helps
mobilizing small oil drops in the pore space byfling (the Jamin effect). Another explanation
is that intermediate wettability reduces the snii@ond entrapment of the residual oil. This has
been observed in micro-CT experiments and numesicaililations performed on the capillary
networks (Hgiland et al., 2007).



Importance of the wettability change has also lpestioned. The study of Katilehal. (2018)
indicates that enhanced recovery due to wettgliliange was unlikely in that case since the
NMR measurement did not show any wettability atieraunder smart water flooding. Other
factors, like pore collapse and fines precipitatimnght be more important in this case.

Wettability, after all, is a macroscopic propertlytbe two liquids on the solid substrate. The
wettability alteration may be caused by the differphysical phenomena. It may be that these
phenomena, but not wettability itself, that resnlbetter recovery. When studying wettability,
one tends to focus on one or two parameters orostopic mechanisms, often leaving other
parameters uncontrolled. This could be a reasonwéttability still remains mysterious after so
many years of research. In the following sectiom®& present a number of particular
chemical/physical wettability modifying mechanisthat may potentially increase the recovery.

2.1.2. Surface ion exchange
Surface ion exchange is often believed to be th@ m&chanism for improved oil recovery by
smart waterflooding. It acts via detachment of patamponents of oil from the surface;
changing the surface charge; expanding the doalgksr;l and, finally, altering the wettability of
the rock surface. In this part, we discuss expemtaiestudies based on this mechanism.

Description and evidence of the mechanism
The mechanism of multi-ion exchange was first psgabby Zhanget al. (2007) based on a
series of imbibition experiments and chromatograpkttability tests (Zhang et al., 2006; Zhang
and Austad, 2006). It was suggested that adsorpifonegatively charged ion SO onto
positively charged chalk surface reduces the ttatge of the surface. Then, positively charged
c&* and Md" ions could gain access to the surface.

Cca®* may react with the adsorbed carboxylic groups mhease them from the rock surface by
replacing surface-carboxylate bonds. The carboxgioups belong to organic acids presented in
the oil. When the bonds are broken, the oil is cletd from the surface and may be further
produced. If the attached carboxylic groups beliang layer of heavy hydrocarbons adsorbed on
the surface, their detachment may result in a mater-wet surface.

Unlike C&* functioning at any temperature, fMgcomes into play at high temperatures:?Mg
may displace a Ca-carboxylate complex from theasearf Eqs (1) and (2) demonstrate this
reaction (Zhang et al. 2007):

2CaC05; + Mg*t = CaMg(CO3), + Ca?* (1)
Ca?* + R — COOH - Oil recovery (2)

Interplay between the potential determining ion®IjP e.g. C4&", Mg** and SQ*, is an
important factor for this recovery mechanism. Nuooerexperiments were performed to verify
the roles of these ions, in order to maximize pentnce of the waterflooding under particular



conditions. Often, the ion exchange was not diyegliserved; instead, additional oil recovery
from imbibition and core flooding experiments usthg PDI containing brines was regarded as
an indicator for the process.

First, it was noticed that a higher $Cconcentration is beneficial for oil production.atty and
Austad (2006) performed spontaneous imbibition e@rpents with an outcrop chalk at various
temperatures. The concentration of,$@ the imbibing brine varied between 0 and 4 tiroés
its concentration in seawater, while the*Ca&oncentration was kept constant, equal to
concentration in seawater. It was observed thatredovery increased substantially with
increasing S@ concentration. Similar observations was made bgn8liet al. (2006a), where a
significant increase in oil recovery was achieved three-times increasing the $O
concentration in the imbibing seawater. Puntervdldl. (2015) reported a 10% additional
recovery in the imbibition experiments by spikingt 3imes S@ concentration in the NaCl
depleted seawater.

Core flooding experiments with Stevns Klint chatknfirmed the effectiveness of $O (Zahid

et al.,, 2010). A slight yet definite (3-5%) addita oil recovery was obtained by injecting
seawater or seawater with a three times increaga@ Boncentration in both secondary and
tertiary modes. However, this effect was not obseérfor a reservoir rock (see the discussion
below).

The effect of C& and Md* was also studied in the imbibition experimentsa@ et al., 2007,
2006; Zhang and Austad, 2006). The oil recoveryeased consistently with the increase of the
Cc&”* concentration, while the SO concentration was kept constant in the imbibinigébrin
addition, when M or C&" were added into the imbibing brine, which wasiatliy free of
them, the oil recovery increased significantly.

Co-existence of Mg and S@* was found to be crucial for this mechanism. Kasbund
Hamouda (2007) reported increased oil recovery fthm Stevns Klint chalk by imbibition
experiments with the brines containing ¥M@nd SG*. Similar results were observed with
limestone cores by Karimét al. (2016). It was found that injection of the Mgand SG*
containing brine may result in higher imbibitiomdathat the brines containing both fgnd
SO, are more efficient than only the Kfgcontaining brine.

However, despite the numerous evidences of thefioaleffects of PDIs, negative results were
also reported. After secondary recovery by injecteingle component brines (NaCl, MgCl
NaSOy, MgSQ,, CaC}), Gandomkar and Rahimpour (2015) did not obsenyeaalditional oll
recovery by seawater or formation water injectimo ireservoir limestone cores.

In some cases, the smart water effect was obsawvexd if PDIs were selectively removed or
displaced. Guptat al. (2011) obtained additional oil recovery by apptyithe SG* depleted
seawater. Adding borate and phosphate into sucima increased further the oil recovery.



Temperature dependence
The ion exchange process discussed above appedrs temperature dependent. Since the
mechanism involves exchange of théGan from a rock by the Mg from a brine, this may
detected by measurements of the ion concentratiotie effluent in the course of the flooding
experiments.

The exchange becomes more effective at higher tempes (Zhang et al., 2007). The’Ca
concentrations in the effluent at different temperas were analyzed in that work. There was no
detectable increase of €aoncentration at 23°C and 70°C, while the incredisgbout 20% and
40-50% was observed at 100°C and 130°C, correspglydiThe temperature of 70°C was found
to be the lowest threshold for the Ca-Mg exchangake place (Austad, 2013).

The affinity of C&", Mg?*, and SG* toward the limestone surface was evaluated fongeaf
temperatures, from the room temperature to 130°®a$ observed that Mtadsorbed stronger
at higher temperatures. Similar results were obthior a chalk surfad&trand et al., 2008). The
observations were explained by the level of hydratf M¢f* and SG”. At low temperatures
SO and Md" are strongly hydrated. If the temperature risesvab100°C, the degree of
hydration decreases, so that¥gnd SG* are easier to adsorb on the chalk surface.

The effect of the temperature dependence of theekmhange process on oil recovery was
studied by the imbibition and core flooding expernts (Zhang et al., 2007; Zhang and Austad,
2006). A substantial increase of oil recovery whasepved upon increasing temperature from 40
to 70, 100 and 13€C in the imbibition experiments with the PDI comiaig brines. The same
tendency was also observed when the brines congaomly single PDI were injected (in the
brines containing MgGlor Na&SQy). Fathiet al. (2011) observed a significant increase of oll
recovery with the increase of temperature by impect seawater depleted by NacCl, but spiked
with 4 times of SGF or C&* concentration.

However, the impact of temperature is less sigaifian the core flooding experiments. Zakid
al. (2012b) observed increase of oil recovery by imgacof seawater into the Stevns Klint and
North Sea chalk plugs. The additional recovery eahfyfom 1.1% at 40 °C to 4.4% at 120 °C,
which is a rather small increase compared to thehition experiments.

Effect of a rock type
In many experiments described above, the outcr@kctiom Stevns Klint was used as an
analog for North Sea reservoir chalk. However, reigg the mechanism of surface ion
exchange, it may not be representative for therveseocks. The researchers reported different
reaction, under similar experimental conditions,tleé outcrop and reservoir chalk on smart
waterflooding, as well as from the outcrops of fedént origin. Zhangt al. (2007) pointed out
that the ion exchange mechanism is difficult teelseended to limestone reservoir rock, since the
reactivity of biogenic chalk is much higher thartloé recrystallized limestone.

10



Romanukaet al. (2012) performed a series of imbibition experirsenith the Stevns Klint
chalk, limestone cores, and dolomite cores. Only 8tevns Klint chalk exhibited higher
recovery with the increased sulfate concentratidmle for other cores additional recovery was
obtained by injection of a low salinity brine. Theathors speculated that, apart from chemical
composition of the rock, other properties (e.gudtire of the pore space) may affect the
recovery. Similar observations regarding sulfateeweported by Zahidt al. (2012): injection

of seawater with a high SO content resulted in a substantial additional recpvfrom the
Stevns Klint chalk, while no response was obsefued North Sea reservoir chalk.

The effect of low salinity flooding was also diféet depending on a particular rock. A number
of researchers reported successful applicatiomefléw salinity flooding in the Middle East
limestone reservoir rock (Mohsenzadeh et al., 20b&isef et al., 2012b, 2011, 2010; Zhang and
Sarma, 2012). However, no additional recovery waained when flooding an Aalborg outcrop
core (Zahid et al., 2012b). Austadal. (2012) pointed out that anhydrite must be presettie
rock matrix in order to obtain the low salinity @ft. Dissolution of anhydrite by injection of low
salinity brine could produce $©and C4" in situ, which facilitates surface ion exchanghe{f
performed core flooding experiments with limestaoees from the aqueous zone of a reservaoir.
A small amount of additional recovery (1% to 5% ®PWwas obtained by low salinity flooding,
in association with anhydrite dissolution. Sheleital. (2014) performed corefloods on Indiana
limestone core samples. No additional oil was peceduafter injection of the diluted seawater,
while presence of potential determining ions resulin additional production, similar to the
Stevns Klint core flooding. Finally, Alamee al. (2014) described flooding experiments in a
Middle East rock, where both low salinity and PPeduced additional effect. In general, the
results presented in the different works look cowversial and cannot be interpreted as an
evidence in favor or against a single productiocimaaism.

Behavior of the dolomite rock regarding smart wigderding was also examined. Mahatial.
(2015) carried out the contact angle and the Zetanpial measurements with a dolomite outcrop
and a limestone reservoir rock from Middle East.eWlexposed to diluted seawater, the contact
angle on the dolomite surface exhibited an insigaift change compared to the limestone. The
dolomite exhibited also a higher zeta potential dfrthe tested brines (e.g. formation water,
seawater, 25 times diluted seawater), which idanairable for desorption of hydrocarbons. This
conclusion was strengthened by Gachuz-muro andaBp(2017). Core flooding experiments
were performed with a dolomite core plug, and nditazhal recovery was observed under
injection of seawater or diluted seawater.

Discussion
It is evident from the numerous reported obserwatithat the surface ion exchange is one of the
mechanisms behind smart waterflooding, or, at Jeastompanying it. However, in order to
benefit from such a mechanism, some conditions Idhioet met. For some rocks, temperature
should be higher than a certain threshold valuedgrimize the extend of the reaction, so that the
effect becomes significant enough to produce residil. From the aspect of chemical kinetics
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in general, the extent of a reaction is alwaysteel@o the concentrations of the reactants. Hence,
it can be speculated that the threshold value eftémperature should be dependent on the
composition of the brine. However, this has notbeerified yet.

As discussed above, the mechanism is not univeasal, depends on the rock lithology. A
general trend is that the biogenic outcrop chalkjctv has undergone less re-crystallization
process than dolomite and limestone, is more respeto the surface ion exchange. Other types
of carbonate rock are more inert toward this meisnan The different ions may behave
differently in the different rocks, even with veriose mineralogies. As remarked by Romanuka
et al. (2012), other properties of the rock may also rhpartant. In other words, surface ion
exchange may not be the sole mechanism responfsibladditional recovery under smart
waterflooding.

2.1.3 Surface charge alteration

Basic concepts
The surfaces of solids are usually charged. Fomeiain the case of positive charge, a layer of
negative charges is accumulated in the solutiosoate distance from the surface. Additional
positive and negative layers may also appear. digtsbution of the ions is efficiently described
by a double layer, characterized by thickness aotknpial difference (the so-called zeta-
potential). If another surface is introduced inieinity of solid, it may be repelled, with the
repulsive force characterized by a value of disj@rmpressure. In particular, an oil surface near a
solid in a brine environment may be consideredayér thickness of the double layer, a higher
disjoining pressure, or a negative value of tha-pettential means that the oil is repelled from
the solid surface and becomes easier to produce.

Hirasaki (1991) proposed a model of surface fofdoesveen water, oil and mineral surface,
which includes electrostatic, van der Waals, anactiiral components. According to the model,
a thin water film is present between the oil andhemal surfaces. The total effect of the forces
acting in this system is expressed as a disjoipnegsure isotherm. Its integral gives the specific
interaction potential isotherm which can be usedetermine stability of the water film at a three
phase contact region. A higher disjoining pressutlecates the stable water film and vice versa.

The disjoining pressure is affected by the surfaatential and thickness of the electrical double
layer (EDL) (Hiorth et al., 2010). If the chargefsbmth oil and the mineral surfaces are of the
same sign, the water film will be stable, and thdaze will be water-wet. Otherwise the water
film will collapse and the surface will become wikt. On the other hand, the thicker the EDL,
the higher the electrostatic force, hence the higedisjoining pressure, and vice versa.

Distribution of the charges near the solid surfawgy be evaluated on the basis of the DLVO
model (Derjaguin and Landau, 1941; Elimelech et1898; Verwey and Overbeek, 1948). This
theory describes repulsive or attractive forcesvbeh charged surfaces or colloidal particles in
an electrolyte solution. Figure 1 shows a chargtterdistribution of the electrostatic potential
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and the DLVO force between a negatively chargedigiarand a negatively charged infinite
plane in an electrolyte solution.
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Figure 1. DLVO forces (a) energy potential betweeparticle and a surface as a function of distaffteforce
between the particle and surface as a functiornstérlce.

Alshakhs and Kovscek (2016) demonstrated appbicati the DLVO in order to evaluate the
effect of divalent ions in carbonates. In this stuzkta potential data were used to predict contact

angles and disjoining pressures by the DLVO theGtgse agreement between the experimental
and the simulation results was reported.

Zeta potential
The oil may be attached to the surface of a rockadmpoxylic groups belonging to the heavy oil
components. Since the carboxylic groups are neggticharged, a negative value of zeta
potential on mineral surface is preferred to redadsorption of oil. This value means that
negative ions from the solution accumulate neaptigtively charged surface, repelling the oil.

Several factors may increase negative charge ofnihmeral surface. It was reported that

injection of diluted seawater resulted in a morgative zeta potential of carbonate rock than of
seawater and formation water, which produces tt@@h in surface charge and increases oill
recovery (Mahani et al., 2015; Yousef et al., 2Q12tcrease in temperature from 40 to 60 °C
leaded to a more negative surface charge (Yousaf,e2012b). It was also reported by Zhang
and Austad, 2006, that a higher SOC&" ratio lowers the zeta potential, corresponding to
increase of the oil recovery under water imbibition

Karoussi and Hamouda (2007) calculated disjoinimgsgure for several calcite-oil-water
systems with the aqueous phase being distilledrwateM NaSQ,, or 0.1M MgC} solution. A
significant increase of disjoining pressure waseobsd for the 0.1M MgGI solution. The
imbibition experiments also showed increased regowhen applying this solution. Alshakhs
and Kovscek (2016) calculated the disjoining presfetween the oil and rock surfaces in brine
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environments for various brine compositions. Thestmstable water film was found when
applying the diluted MgSgbrine.

Mahani et al. (2015) measured both zeta potentials and contagies with limestone and
dolomite samples. It was reported that under agitio of a low salinity brine the zeta potential
of the limestone becomes more negative. This isistent with the results of contact angle
measurements, which showed that the limestone caurfaless oil-wet when exposed to a low
salinity brine. But low salinity has much less etfen dolomite. Due to different values of the
zeta potential, the adhesion forces between oildmhaimite are stronger. This was confirmed in
the contact angle measurements. It was concludedthle change of surface charge was the
primary mechanism in low salinity water flooding.

Effect of non-potential determining ions
Fathiet al. (2010, 2011) observed that not only compositidnthe active ions Cd, Mg**, and
SQ2, but also an amount of the non-active salt, Na€ljmportant in oil recovery from
carbonates. If the ionic double layer near a paditi charged calcite surface contains less
amount of a non-active salt, such as NaCl, accksslfate to the calcite surface increases. In
this way, sulfate, which is the key ion to changettability of a rock surface, can act more
efficiently in the absence of non-active ions.

Although it is mentioned in some works that monewalions like Na and Cl are among the
non-active ions, this may be not that definite. B&pn of seawater from NaCl causes significant
reduction in salinity, which may produce additioe#flects. Alameret al. (2014) removed NaCl
from the injection water and concluded that oil osry increased by 8%. A proposed
explanation was expansion of the electrical doldyer, which can be a sign of the low salinity
effect, but not of the inactivity of the removea$o

Effect of pH
One of the important parameters affecting electasinteractions between the three phases: oil,

brine and carbonate surface, is pH (Sohal et @L6p Calcite is normally charged positively at
neutral pH. However, it can become negatively chargt higher values of pH (Hirasaki and
Zhang, 2004). In particular, application of alkalianges positive surface charge of the calcite
during imbibition by alkaline-surfactant solutioftdirasaki and Zhang, 2004).

Buckleyet al. (1989) determined the conditions, under whichousicrude oils adhere to a solid
surface at different pH and ionic strengths of binme. They reported reduction of the zeta-
potential by discreteness effect of dissociatedigsat the interface at higher pH.

Somasundaran and Agar (1967) investigated thepmnd of charge (ZPC) as a function of pH.
The values of ZPC lied within the range of pH fr8nto 9.5. The zeta potential, pH, Cand
CO5* concentrations in the system were measured pesithgi When pH in the solution was
more basic, the surface was negatively chargediesmegative ions predominated at the
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interface. For a more acidic pH, the surface wasitipely charged. It was suggested that'Ca
HCO,*, H',OH and CQ* become the potential-determining ions at the \sabfeoH above 9.

Interaction between the double layer and the surface complexation
Some recent studies involving surface complexatmmdelling (SCM) indicated relationships
between the charge of a double layer and wettglafithe minerals. The surface complexation
models describe preferential sorption of the ionstlte charged surfaces. Song et al. (2017)
proposed a SCM based on a generalized double magdel. The SCM model was developed to
predict zeta potentials of a synthetic calcite acef in brines containing various potential
determining ions (Mg, C&*, SQ* and CQ*) under different C@partial pressures. The model
was fitted to measured zeta potential data. It fwasd that synthetic calcite exhibited positive
zeta potentials in brines containing®a Mg?*. The zeta potential can shift from positive to
negative when increasing GOor SQ? concentrations at a partial pressure of,@gual to 10
34 atm. However, at a partial pressure of 1 atm &ia potential did not become negative, even
if the brine contained 0.1M GHor SQ7.

Another study by Erzuah et al. (2017) explained hbe surface charge affects wettability of
calcite by hydrocarbon adhesion. The authors coctsd a surface complexation model with the
PHREEQ-C software, in order to estimate the wdlitglaf quartz, kaolinite and calcite. Validity
of the model was confirmed by the wettability estiion by the floatation method. It was
concluded that the surface charge of a mineralahdsminant effect on the oil adhesion, rather
than the properties of the brine/oil interface. Bopositively charged mineral, like calcite, the
carboxylic acid components in the oil are morecti¥e, than its basic counterparts, in changing
wettability of the mineral through adhesion.

Yutkin et al. (2016) studied the calcite/brine bWkketics and equilibria, as well as the
calcite/brine surface equilibria with an ion condégn model. It was pointed out that the double
layer expansion is not possible unless the iomength is lower than 0.1 M. The rock dissolution
cannot be a LSW mechanism because of the rapidmcé equilibration (carbonate could
rapidly equilibrate with a brine in a short distahpcThe fines mobilization cannot occur because
there is low clay content and low amounts of lofises in the carbonate rocks studied by these
authors. LSW cannot work as an alkaline flood beeall the injected base will be consumed by
carbonate dissolution near the wellbore and themdHsubstantially decrease. The surface ion
exchange remains a possible LSW mechanism, bubrding to Yutkin et al., this is still
unproven.

Discussion
As discussed in this section, expansion of dolayer, higher disjoining pressure, or negative
values of zeta potential can be reached at hightrand lower salinities. This results in
detachment of an oil from a solid surface and petida of the residual oil. The zeta potential is
used as an indicator for variation of the surfdtarge.
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Measurement of zeta potential at different pH ealdulation of disjoining pressure are often
accompanied with uncertainties, especially, whermagueed in situ. Generally, there is a
correlation between values of zeta potential audveries under the imbibition tests. However,
this correlation is incomplete. Sometimes, incarsisy between the zeta potential data and the
oil recovery is observed (Zhang et al., 2006). e presence of magnesium, positive zeta
potentials were observed; moreover, the potentizeased by increasing the solution molarity.
However, more oil was produced in the core flooddmgeriments. Youset al. (2012) reported
that dilution of the injected seawater results imare negative zeta potential. However, no
additional oil was produced.

Hiorth et al. (2010) pointed out that alteration of the surfpogential alone cannot explain the
observed changes in oil recovery caused by changhe water chemistry and temperature. The
same is related to zeta potential: although itnse® be an important factor, it is insufficient fo
explanation of the recovery enhancement observddrismart waterflooding.

2.1.4 Mineral dissolution
Mineral dissolution, including calcite, dolomitecaanhydrate, is one of the smart waterflooding
mechanisms introduced in the literature. Dissoluti these species results in different effects,
but some similarities are observed as well.

Observations of the dissolution
The calcite dissolution in a diluted brine occuue dio the following chemical reactions:

CaC0; & Ca* + C0;*~ (3)
C0;* + H,0 © HCO;™ + OH~ (4)

Additionally to calcite, dissolution/precipitatiasf magnesite and sulfate may take place (egs. 3
and, correspondingly) (Alexeev, 2015):

MgCO; (s) + HY & Mg?t + HCO;~ (5)
CaS0, (s) + H* © Ca?* + S0,*~ (6)

These reactions show that the calcite dissolutauses pH alteration (Lager et al., 2008a). Thus,
increase in pH and &aconcentration in the effluent during oil recovemay indicate that the
dissolution happens. Hamouda and Maevskiy (201d¢mied increase of the €aoncentration

in the effluent, which was attributed to the chdiksolution. They suggested XTiMg®* ion
exchange and rock dissolution to be the main ragowveechanisms. Higher calcium and lower
magnesium concentration in the effluent in comperit the injection fluid was observed when
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injecting the diluted brines. However, Mahaial. (2015) pointed out that the surface charge
variation is a primary mechanism, while rock dissioln is a secondary reason for enhancement
of the oil recovery. Additional oil recovery wassaoved under injection of CaGQaturated
seawater, where the calcite dissolution was exdlude

Mohammadkhanét al. (2018) investigated the effect of connate waténita and saturation, as
well as of the injected brine salinity, by condugtifive core floodings on limestone core plugs
at the room temperature. It was concluded thatalenrditization and anhydride precipitation
were among the determining mechanisms. The rodoldison, indicated by increased pH, was
only observed at tertiary stage, under injectibmeny low salinity seawater (< 3000 ppm).

Production mechanisms related to mineral dissolution
The mineral dissolution may facilitate oil prodactiin several ways. Permeability modification
is its one benefit. Gachuz-muro and Sohrabi (2@djérted the 50 times diluted seawater into a
dolomite core in the tertiary recovery mode. A agrtincrease in permeability was observed
along with a slightly higher oil recovery. The clganin permeability was attributed to rock
dissolution, which was verified by increase of taécium and bicarbonate concentrations in the
collected effluent.

Hiorth et al. (2010) constructed a chemical model to study sertdarge and rock dissolution in
a pure calcium carbonate rock. Numerous experirhdata were used to tune the model. It was
found that calcite dissolution matches well withe tbbserved chemical and temperature
dependences. It appeared to be a controlling fdotathe observed smart water effect. The oil
adsorbed on the calcium carbonate surface mayléasesl due to its dissolution. Then surface
that has formed after dissolution and oil releasspimes water-wet.

Yousef et al. (2010, 2012) performed NMR measurements for a Mideast reservoir core
before and after low salinity flooding. The resuisowed improved connectivity between
macro- and micropores due to dissolution of th& material in small pores, which is beneficial
to improve sweep efficiency of the water flooding.

Karimi et al. (2016) described the rock dissolution in connectioth the electric double layer
interactions. The calcite dissolution results inirrgreased pH, which creates a more negatively
charged brine/rock interface, which is repelledalnegatively charged brine/oil interface.

Dissolution of anhydrate was suggested to be abpedmote wettability alteration by producing
Ccd" and S@” in-situ. Then it is related to the multi-ion exolge process and, subsequently, to
release of the oil from the surface. This factooften associated with injection of a low salinity
brine (Austad et al., 2012; Chandrasekhar and Mgh&913). Yousefkt al. (2012) detected
anhydrite dissolution by analyzing $Oconcentration during low salinity injection. It wa
pointed out that presence of the anhydrite is a feeyor for low salinity injection, since its
dissolution could produce in situ the potentiakdiatining ion SG* (Austad et al., 2015, 2012).
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Alshakhs and Kovscek (2016) confirmed this mecharasd suggested that mineral dissolution
supplied more divalent ions during flooding.

pH alteration may also occur under dissolution @tite. Increase of pH may have a positive
effect on the emulsion formation, as will be dismd in section 3.4. On the other hand,
dissolution of calcite may occur mainly in the watided part of the porous space, increasing
mobility of the water compared to oil (although,th@ best of our knowledge, the extent of this
effect has not been studied).

Dynamics of dissolution

The mineral dissolution or precipitation is a stagéiffect, according to our classification: It
appears even if there is no flow. From the pratpoat of view, however, it is important to find
out how this effect will manifest itself when coagl with the flow characteristic of reservoir
development or laboratory flooding experiments (ston et al., 2006). Such a study has been
carried out by Alexeev et al., (2015), followingdaextending previous similar works (as applied
to other processes) (Aharonov and Spiegelman, 1B9Bedrikovetsky et al., 2009; P. G.
Bedrikovetsky et al., 2009; Lam et al., 2008; Ryuhi®83; Spivey et al., 2004).

By extended numerical simulations it was found thatmost important parameter is the ratio of
the characteristic time of the dissolution reactiorthe flow time. The last time may be chosen,
for example, to be a time necessary for injectibore porous volume. If the time ratio is high
(the dissolution is slow), then the effect of dission is insignificant, almost uniform, and
occurs only after many porous volumes injectedopgosite, fast dissolution appears only close
to the injection spot, without spreading deeplyitite rock. As injection proceeds, porosity in a
zone close to the injection spot increases, wihie rest of the reservoir (or laboratory core)
remains almost intact. In the extreme cases ofrésitions and many porous volumes injected,
structures like wormholes may be formed.

Another observed effect is related to non-additiat the volumes under dissolution. When the
rock is dissolved in brine, the total volume usypalécreases. The negative volume excess may
rather significant, up to 0.8 of the initial roclolume. In dynamics, this results in a slight
acceleration of the oil displacement by brine.

2.2 Other mechanisms

2.2.1 Interfacial tension, reology, and liquid-ligunteractions
Interfacial tension (IFT) measurements for smartevibboding were conducted by many
researchers (Al-Attar et al.,, 2013; Mahani et 2a015; Yousef et al., 2012b). In particular,
Khaksar Manshaet al. (2016) measured IFT of various ionic brines aigh temperature and
atmospheric pressure. It was found that th8®; solution at 2000 ppm produces the lowest IFT
out of all the tested brines. However, in all thedges above, reduction of the IFT was too small
to have an impact on oil recovery.

Shenget al. (2010) pointed out that IFT plays a very importesie with or without wettability
alteration, during the entire process of floodi@n the contrary, Yousedt al. (2010, 2011)
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investigated the impact of salinity and ionic comiion of injection water on oil recovery from
carbonate reservoir cores. Interfacial tensionwéet the reservoir live oil and the field connate
water, the seawater, and it's different dilutionsre&v measured. The results showed that smart
water flooding has an impact on the contact angteer than IFT. This implies that diluted
seawater influences rock/oil/brine rather tharboihe interactions.

In some cases, even reverse effect of low salméier on IFT was observed. An increase in IFT
with decreasing salinity was reported by Alameti al. (2014), in contradiction with
improvement of the oil recovery by the low salingject.

Some studies pointed out that qualitative modiftcatof an oil-water interface may be more
important than just variation of the interfaciahseon (Ayirala et al., 2017a, 2017b; Varadaraj
and Brons, 2012). Depending on compositions ofdttacting fluids, the interface may be
viscous (liquid-like) or elastic (solid-like); thetermediate states are also possible. This eifect
known for at least 60 years for oil-brine contg€@sddle and Meader, 1955). It was attributed to
the presence of surface-active compounds in aiticodarly, to asphaltenes (Hasiba and Jessen,
1966; Sheu et al., 1995; Varadaraj and Brons, 2012)

Recently it has been realized that the mentionadiest are important for smart waterflooding. If
an oil-brine interface becomes solid-like, oil sgpas easier from the rock surface. On the
contrary, if the interface is liquid-like, separai# drops are easier to coalesce and to form a
continuous flowing oil phase. Thus, in the “ideahk recipe”, the ions increasing the elasticity
of the oil-water interface should concentrate néarrock surface, while the ions making the
interface more viscous should stay in the solutarticularly, presence of sulfates in a brine
promotes in some cases hardening of the interfagieala et al., 2017a, 2017b).

2.2.2 Oil viscosity reduction
It has been reported that interactions betweeramal brine may affect the oil viscosity. This
effect may be combined with the effect of a higlnperature, usually resulting in the viscosity
decrease.

Gachuz-muroet al. (2016) examined a crude oil after contact withnaeetened and diluted
seawater. It was concluded that the structure efctinde oil varies in contact with the different
brines. In another work Gachuz-muebal. (2013) put an oil and a brine in contact, with a
volume ratio of 1:4 (20% oil and 80% brine) and megad viscosity of the oil before and after
the contact. Normal brine (NW), distilled water (DWormation water (FW) and a synthetic
seawater (SW) corresponding to the Gulf of Mexieavgater were studied. Oil viscosity was
reduced for all the tested brines, for the tempeeatunder 60 °C, while after this point the trend
was reversed. It was also observed that viscosayneduced more if it was initially higher.

Zahid et al. (2012) measured viscosity of a Latmekican oil, a Middle East oil, and heptane,
after their interaction with seawater under difféer8Q? concentrations, under high temperature
and pressure. Emulsification of these oils withGy’Sspiked seawater was also studied in this

19



work. It was observed that viscosity was affected the oils containing heavy components,
while emulsification was detected for the oils whesuch components were not present in
significant amounts. The mechanism of viscosityuntidn was explained by association or
dissociation of the heavy molecules upon variatbionic components of the brine in contact.
Variation of the viscosity could not be explaingddmulsification, since it was higher for other
oils involved in the study.

2.2.3 Compaction
Compaction due to the rock weakening has been derel as one of the mechanisms of
additional recovery. To the best of our knowledyayever, only few studies relate compaction
to smart waterflooding (Katika et al., 2018). Meéil®, the connection is obvious, since
injection of an incompatible brine might resultdhalk weakening. Shrinking of the pore space
results in the oil squeezing out of it. Here wevyte a short overview of the field observations
and recovery mechanisms under reservoir compaction.

Compaction is classified as a static mechanisntcesinmay be, and usually is, measured in the
laboratory experiments not involving liquid flowagsrration of a rock sample by brine with
subsequent compression). On the other hand, selemimpaction may result in fluid diversion,
which is a purely dynamic effect. This is a patécucase of contribution of the rock
heterogeneity, which will be discussed further.

Field observations

Seafloor subsidence was observed in North Sea cbsdkvoirs in 1980s after their development
in early 1970s (Boade et al., 1989; Ruddy et &891 Sylte et al., 1999). More than 7.8 meters
of seafloor subsidence was detected in the Ek@iédk at the Norwegian sector of the North Sea
since its production from 1971. The subsidence wmasarily considered to be a result of
pressure depletion due to production. However,984] the subsidence did not stop, although
water injection was sufficient to stabilize reseryaressure (Sylte et al., 1999). The North Sea
Valhall chalk reservoir also demonstrated signiftoceompaction and subsidence associated with
reservoir pressure depletion (Ruddy et al., 1989).

Reservoir compaction and oil recovery

Observations of the reservoir compaction and seafsmbsidence in the North Sea triggered
several research projects to study water weakesficgalk and reservoir compaction. Although
reservoir compaction may lead to additional operatiost, it was demonstrated to be beneficial
for hydrocarbon production (Boade et al., 1989; RRuet al., 1989; Sulak et al., 1991). A
combination of experimental measurements and madellools was employed to study
compaction. Ruddgt al. (1989) used experimentally determined rock congidgy of Valhall
Chalk samples in a reservoir model. It was foundt tthe chalk compaction provided a
significant part of hydrocarbon recovery from thalhall field. A similar procedure was applied
to study the Ekofisk field. Syltet al. (1999) measured the relationship between strath an
porosity for the Ekofisk chalk. It was then usedaimeservoir model to predict production and
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subsidence. The results showed that water weakeoinlgl add a significant amount of energy
to the reservoir system, which facilitated oil puotion.

Reservoir simulations brought similar conclusioBslaket al., (1991) developed a modelling
procedure to study reservoir compaction as a mésmafor hydrocarbon production in the
Ekofisk field. It was concluded that reservoir caufon leads to increased production from the
field. Boadeet al. (1989) simulated compaction of the Ekofisk fielg the ANSYS and
DYNAFLOW simulators. It was found that waterfloodifmas a positive effect on compaction
and subsidence. Chin and Thomas (1999) coupledeava@r multiphase flow model with a
geomechanical model and concluded that the watekeveng effect may result in additional oil
recovery, which may make a waterflood project meomnomically favorable for a water-
sensitive reservoir.

Mechanisms of water weakening of chalk
Several studies focused on the mechanisms of ther waeakening of chalk. Johnseh al.
(1986) performed uniaxial and hydrostatic teststlom Ekofisk chalk samples. The results
revealed that a dominant mechanism of deformasorotation and mechanical breakdown of
coccolith fragments and other calcium carbonatengraf the chalk matrix. No obvious evidence
was found for chemical processes, such as dissnlugiprecipitation of the carbonate material
during compaction. Similar conclusions were repbitger by Powell and Lovell (1994), who
performed the SEM image analysis on North Sea cbathples before and after compaction. It
was concluded that a dominant mechanism is simalim glisplacement, which is characterized
by rotation and sliding of individual calcite grainrChemically assisted compaction mechanisms
such as pressure dissolution and stylolitizationewieund to be insignificant for the production-
induced compaction in the North Sea chalk.

However, more recent studies pointed out that csieynof a saturating fluid plays an important
role in the water weakening of chalk. By comparisdrmechanical properties of the outcrop
Lagerdorf chalk samples saturated with water amthgyic oil, Hgeget al. (2000) suggested that

water-chalk interactions are governed by both tapiforces and chemical or physico-chemical
processes.

Activity of water in the pore space may have ae@fbn mechanical strength of chalk (Risnes et
al., 2005). Adsorption of the water molecules (Whis a function of water activity) adds
pressure on the grains. This pressure acts likera pressure and decreases cohesion of the
chalk.

Calcite dissolution is another mechanism considaerete literature. Increased calcite solubility
results in increased deformation rate (Hellmanal.e2002). A study by Heggheim et al. (2004)
showed 20 to 25% strength reduction for the coegarated by seawater with an increased
sulfate concentration, compared with the coresratgd by formation brine and seawater. The
increased sulfate concentration was claimed toigitate C&" in a saturation fluid, which
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promoted dissolution of calcite. Dissolution ofatd and precipitation of CagQrather than the
capillary forces or water activity, was claimedo®responsible for weakening of the chalk.

A more complex mechanism involving ion adsorptiond &xchange was reported by Korsees
al. (2008) and Austaet al. (2007). When a brine containing Rgand SQ” is present in the
pore space, Mg substitutes Ca at the grain contacts. $0acts as a catalyst in this process, by
lowering down positive charge of the calcite suefadence, accessibility of Mito the surface
increases. Different sizes of the?€and Md" ions lead to structural changes in the inter-grain
regions, which can weaken the chalk.

An effect of temperature on the water weakeninghaflk was also studied by some researchers
(Austad et al., 2007; Hellmann et al., 2002; Kossee al., 2008; Madland et al., 2002, 2006).
However, contradictory conclusions were drawn. disvobserved by Madlaret al. (2002) that
increased temperature from 20 to 130 degrees eelswdn average, in 20% reduction of yield
and cohesion strength for water and glycol satdratealk. Similarly, Hellmanret al. (2002)
reported an increased strain with increased terhperauring triaxial tests on water saturated
chalk. On the contrary, it was reported by Korseteal. (2008) that hydrostatic yield stress was
higher at 130 degrees than 90 degrees for chalkatatl by seawater and distilled water. Austad
et al. (2007) also reported that water saturated chatkscbecome stronger when temperature
increases. A similar effect was observed for cicesled with carbonated water (Madland et al.,
2006).

Katika et al. (2018) observed that divalent ions contributehe pore collapse in chalks, by
weakening contacts between the grains. Nermebeah. (2018) observed certain softening and
weakening of chalk in sulfate rich brines. Howeubey concluded that neither presence of the
certain ions in brine, temperature or aging alomesafficient in order to predict chalk stiffness
and strength. It is a combination of factors thetedmines elastic behavior of chalk.

Discussion
To the best of our knowledge, there are no studigsating explicitly a relationship between
smart water flooding, chalk compaction and oil reny. However, there are links between them
(Katika et al., 2018, 2015). It was widely reported smart water projects that potential
determining ions, mineral dissolution/precipitatiamd temperature could have an impact on the
oil recovery. The studies regarding water weakemhghalk involve similar parameters. It is
shown that the potential determining ions havenapaict on the mechanical properties of chalk.
Although the reported effects are controversialmay still be speculated that the following
production mechanism takes place: Smart waterflapdieduces the strength of chalk; the
weakened chalk undergoes enhanced compaction, wdsalts in a change of pore structure and
a decreased pore volume. Decrease of the pore pfre mobilizing stagnant oil. Verification
of this mechanism is a subject for future research.
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3. Dynamic mechanisms

In this section, mechanisms of smart waterflooditegpendent on flow are discussed. These
mechanisms include heterogeneity and flow diversi@gnwell as fines production and emulsion
formation.

3.1. Flows dynamics and denuded zones
Many experimental works referred above containltesif flooding experiments carried out in a
regime of spontaneous imbibition. The imbibitiongsverned primarily by capillary forces.
Hence, no wonder that wettability and propertiestied oil-brine-rock interfaces have been
reported to determine success of the smart watelihg.

Meanwhile, the literature indicates a large diffex@ between the results of the spontaneous
imbibition experiments and forced displacementgi&dret al., 2008; Zhang et al., 2007). While
the role of capillary forces may be significantlaboratory waterflooding experiments, on the
large reservoir-scales it may be less importand, \Aacous forces may prevail over capillarity
(Bedrikovetsky, 1993).

The flow dynamics under injection of a differentirsigdy brine and prevailing viscous forces
(forced displacement) is generally similar to tlyaamics of chemical flooding (Bedrikovetsky,
1993; Zeinijahromiet al., 2011). A commonly used model is based on thesidaksBuckley-
Leverett theory and its extensions (Bedrikovetsk§93; Pope, 1980). This theory predicts
frontal character of displacement, with a residuibbeing slowly produced after arrival of the
water displacement front. A typical saturation peofs shown in Figure 2, a) (Alexeev, 2015).
It should be noticed that the front of the disphacibrine propagates always behind the oil
displacement front. The reason is that the disptadirine fills a larger volume than oll,
replacing both oil and the formation water.

Assume now that the injected brine contains a(sale chemical) affecting the recovery. The
corresponding profiles of oil and brine saturatiams schematically shown in Figure 2, b), for
the case of tertiary injection. Due to the actiwfythe injected brine component, an additional
oil bank is formed. Its production results, evetijyan decrease of the final oil saturation. Ieth
injected chemical gets adsorbed (as most of themtdeavels behind the carrying brine. A zone
of the so-called denuded water is formed. As altethe effect of the injected brine on oll
production is postponed. This delay may be evehdrigf the active component in the injected
brine does not act instantaneously, but with sagedelay (reaction time). Then a positive effect
of enhanced oil recovery may appear after many ysormlumes injected. Additionally, the
residual oil mobilized by the active component niegvel with a different velocity than the
“main” connected oil. This causes an extra delagX@ev, 2015). The whole picture of recovery
is smeared, to a certain degree, by dispersionedabyg heterogeneity of the rock, capillary
forces, flow dispersion and reaction kinetics.

If the oil is produced in a regime of continuousa@@ary flooding, the active component (or the
brine with a different salt composition) should eppafter additional produced oil, like on the
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Figure 2. To the best of our knowledge, this hagendeen reported. Under tertiary recovery,
additional oil production may sometimes happen #sneously with the arrival of the injected
additive (Alexeev, 2015).

Dispersion is responsible for mixing of the injetend connate brine, as experimentally studied
by Graueet al. (2012). By nuclear-tracer imaging of the dynamatev saturation profiles, it has
been verified that the mixing zone between theche@ and the connate water is of a limited
extent, and that, eventually, all the connate wiadéeomes displaced by the injected brine (Graue
etal., 2012) .

A system of flow equations describing all the pbhgsmechanisms discussed above may only be
solved numerically. Several attempts have beenechout to match available experimental data
by solutions of such systems (Alexeev, 2015; Anelerst al., 2012; Eftekhari et al., 2017; Evje
et al., 2009; Madland et al., 2011; Qiao et al130Complexity of the described process results
in a relatively large number of adjustment paramseté has been found that the resulting
solutions can be fitted more or less accuratelgxXperimental data, although Alexeev (2015)
mentions that the concentration “tails” during Idi@pding experiments cannot be captured by
the model. Fitting to the flooding data is necegsand the flooding results cannot be predicted
based on other experiments. This has been demmusby Eftekharet al. (2017) by attempting

to predict the flooding results, adjusting the teac equilibria to data on independently
measured zeta potentials. Especially, such a pedigtiimportant parameter as residual oil
saturation after flooding cannot be determined dwaace and must be fitted every time to
particular experimental data.

Alexeev (2015) and Eftekhast al. (2017) indicated a correlation between the regidila
saturation and amounts of the adsorbed sulfate, iwvhde (contrary to the expectations) a
correlation with concentrations of other potentigtermining ions is not that clear. This is
confirmed by observations of Qiabal. (2015), who account for mineralogy of the rockthis
study, it is shown that the recovery improvementasrelated with the amount of anhydrite,
which is considered as a source for sulfate.

Another important observation is presence of thigemint characteristic time scales in the
system, ranging from minutes to months (Alexeevi320Andersen et al., 2012). Short-time
transient behavior is better approximated by the-daiven ion exchange on the surface, while
long-time behavior is quasi-steady state on therktbry scale.
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Figure 2. a) Displacement of oil by brine in thecBley-Leverrett theory; b) Displacement of thelmjla
chemical solution in a tertiary mode (after A. Adex, 2015)

3.2. Heterogeneity and fluid diversion
Although heterogeneity is not a mechanism by itsglican amplify contributions of other
mechanisms, especially, in the form of flow diversi Petroleum reservoirs are highly
heterogeneous at all scales. The pore scale isaalearzed by diversity in the pore geometries
and by mixed wettability. On the formation scaleeservoir is often represented as a layer-cake
structure, containing also fractures and othercatral elements. The laboratory core samples are
never homogeneous, either, as revealed by the Xamanputer tomography (Figure 3).

Figure 3. A sample X-ray computer tomography sdam @arbonaceous core sample (limestone from thiéhNo
Sea).

Impact of heterogeneity on smart waterflooding Ima¢ been studied experimentally to a
sufficient extent, although it has been recogniaed discussed in the literature. Concerning the
micro-scale heterogeneity, it was noticed thatding experiments in a mixed-wet limestone
cores are not well repeatable (Loahardjo et all020The pore geometry and surface structure
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were claimed to be among responsible factors, tieguh the fact that application of enhanced
or desalinated brines leads to qualitatively défegrresults for the different rocks (Romanuka et
al., 2012).

The core-scale heterogeneity has been regardenl iagpartant factor for the different methods
of enhanced oil recovery (Spildo et al., 2012)n&y contribute to the recovery via mobilization
and relocation of reservoir fines. This effect wagensively studied for the sandstone rocks (Al-
Sarihi et al., 2018; Borazjani et al., 2018; Hussef al., 2013; Yu et al., 2018). The clay
particles contained in the rock may be releasexttirey on low salinity of the brine. They travel
an insignificant distance and then deposit in narcapillaries. As a result, permeability in the
flooded zones decreases and the injected watevestedl to displace oil from other places. In
heterogeneous rocks, this results in more unifoisplaicement and less bypassed and trapped
oil. A set of recovery mechanisms based on re-timef the injected fluid from the flooded
zones has been regarded to as fluid diversiond®&mt al., 2012). Apart from production of
fines, there are other phenomena that may leatlith diversion in a carbonaceous rock, such
like compaction, precipitation or emulsificationhdy are addressed elsewhere in the present
review.

The work of Zahid et al. (Zahid et al., 2012a, 201@ompared the recovery under low salinity
flooding from a less consolidated Middle East resircore, and from a consolidated outcrop
core of Aalborg chalk. While the Middle East coeacted on smart waterflooding, the Aalborg
chalk core exhibited no additional recovery. Tli®kplained by the rock weakening and fines
mobilization in the less consolidated core. It gedally mentioned by Zahid et al. that
wettability alteration and surface ion substituticennot explain observed differences between
the two cases. In particular, the surface ion switisin was observed for the Aalborg chalk core,
but did not result in additional recovery.

Few simulations reveal the effect of heterogeneitythe macroscale. Attar and Muggeridge
(2016) utilized a commercial reservoir simulatorarder to study the effect of dispersion on
mixing of the injected and formation water undew Igalinity flooding in a layer-cake reservoir.
The coefficient of transversal dispersion (Lake &hdhsaki, 1981) was found to be the main
parameter responsible for the effect. Yuan and &hd@011) performed a simulation of the
effect of fines precipitation and mobilization inayer-cake reservoir, applying an approximate
method developed by Zhang et al., 2011. Decreagemheability in the flooded zones had a
significant impact and evens propagation of theewatl displacement front (Yuan and Shapiro,
2011). Zeinijahromit al. (2011) demonstrated that similar computations taygarried out by
application of an option for polymer flooding ircammercial reservoir simulator.

3.3. Fines
Formation of the fine particles can occur duringaemvaterflooding. These particles can appear
from mixing of injected and formation water or lgteasing the minerals from the rock surface.
Production and migration of fines may increase watetness of the rock surface. Besides,
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relocation of fines may block some pore throatgseding the fluid flow and increasing sweep
efficiency, as mentioned in the previous subsectAutditionally, appearance of the fines may
facilitate formation of the oil-brine-particle ensidns (so-called Pickering emulsions). This
mechanism will be considered in the next section.

Fines may appear both in static and dynamic way.ileNtheir precipitation due to
incompatibility of the injected and formation brinenay be regarded as static, mobilization of
the inherent reservoir fines requires flow. A pesiteffect of the fines on recovery is mainly
associated with the flow diversion and may onlyirbeestigated under flow conditions. That is
why we consider the effect of fines as a dynamienamenon.

3.3.2. Precipitation from interaction between injected &omhation water
Madlandet al. (2011) pointed out that loss of Kigduring injection of a Mg containing brine is
not only due to ion substitution, but also due tecppitation of new minerals. SEM images of
the core slices confirmed precipitation of the Mgabng carbonates and Mg bearing clay-like
minerals. Anhydrate precipitation by injection of $W-like brine was also confirmed.
Puntervold and Austad (2008) suggested that mimpeeaiipitation may also occur due to mixing
of seawater and produced water, as a general tigmel.more seawater is mixed, the more
CaSQ and SrSQ@precipitates.

Chakravartyet al. (2015a, 2015b, 2015c) analyzed existing imbibiaon flooding experimental
data. By extensive thermodynamic computationsag wemonstrated that additional production
is observed whenever mixing of the formation brared injected water under experimental
thermodynamic conditions results in precipitatioh the CaSQ. It was speculated that
precipitation occurs in the form of fines. Thesee8 may later be dissolved again when the brine
is produced from the core, where temperature aedspre fall down. Inside the core the fines
may facilitate formation of the emulsions and dsien of the flow, as discussed in the next
section. Precipitation of such fines from an Mdirlarine was indirectly detected by the NMR
spectroscopy (Katika et al., 2015).

3.3.3. Release of the fines from the rock

Detachment and relocation of fines has been coresides one of the primary mechanisms for
action of low salinity waterflooding in sandston@d-Sarihi et al., 2018; Tang and Morrow,
1999). Injection of low salinity brine results ieleased clay particles (fines) from the sandstone
rock. These fines are relocated by the flow of wated further plug narrow pores on their flow
path, resulting in a diverted water flow into ndoelded areas. Zeinijahromi et al. (2011, 2013,
2015) showed a significant effect of fines migratiavith consequent permeability damage, on
sweep efficiency during low salinity waterflooding.

Similar effects have been observed for recoverynfrthe chalk rocks, for example, by
application of the fresh water injection to the Ml East chalk (Zahid et al., 2012a). Many
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chalk rocks are not well consolidated and “produti@és just by touching them. During
flooding, fines may promote emulsification, as ddased in detail in the next section.

The detachment can be triggered by instability le€teic forces induced by variation of ionic
strength. DLVO theory was employed to predict diigbiof fine particles and indicates a
decreased stability during low salinity floodingcf@mbre et al., 2006). Detachment of fines can
also be a result of mineral dissolution. &wal. (2010) proposed that dissolution of anhydrate
cement in sandstone leads to release of dolomystats and other embedded minerals. Similar
phenomena may be observed in carbonates.

3.4. Emulsion formation
Brine and oil can form emulsions, especially, ie firesence of solid particles. Although the
literature on emulsions is overwhelming, the stadiglated to waterflooding in carbonates are
not multiple.

Formation of emulsions requires usually a certaiacimanism of mixing, like stirring or
vibrations. Only in rare cases the emulsions foponsaneously. A porous medium works as a
“natural emulsifier”, mixing the flowing liquids.Hat is why formation of emulsions is regarded
to as a dynamic phenomenon requiring a flow orlaranixing mechanism in order to appear.

Emulsions may play an important role in smart whieding. The efficient viscosities of
emulsions are high; if the emulsion drop sizescaraparable to the pore sizes, the pores may be
plugged, and the injected water may be re-diretbethe non-flooded zones. Thus, emulsion
formation may contribute to fluid diversion.

3.4.1 Emulsion formation at the brine-oil contacts
A study of Emadi and Sohrabi (2013) based on agijpdic of the micro-models under reservoir
conditions revealed that, when a low salinity brhm&s in contact with certain crude oil, water
micro-dispersions were formed in the oil phase rtbar oil/water interface. Formation and
precipitation of the micro-dispersions could onlg bbserved under high magnifications.
Presence of a low salinity injected brine, of tighhsalinity formation water, and of the mixed-
wet rock were found to be necessary conditiongfoulsification.

Mahzari and Sohrabi (2014) brought different cruake samples in contact with brines of
different salinities. Spontaneous formation of waiteoil dispersions occurred when salinity of
the brine was below 2000 ppm, in agreement withwtbikk of Emadi and Sohrabi (2013).

3.4.2 Fines assisted emulsification
Chakravartyet al. (2015a, 2015b, 2015c) suggested that mobile fioesed in a pore space
during smart water flooding may lead to emulsiomfation, which enhances the mobility of the
oil phase and therefore increases the displaceaticiency. A mixture of fines, model oil and
deionized water was studied in these experimenifferBnt water insoluble salts, including
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Li,COs, CaCQ, MgCQ;, CasSQ, SrSQ and BaSQ, formed fines. It was concluded that the
fines interact with crude oil in the presence dbwa salinity water and produce oil-in-water
emulsions. Formation of oil micelles was only pbksiunder presence of polar hydrocarbons in
oil. It was also pointed out that light alkanesferdorming emulsions with light acids, while
heavy alkanes require heavier acids. In theseesutlivas also verified that fines may appear as
a result of incompatibility between injected brinad formation water (as described in the
previous section). Formation of such fines promatestu emulsification.

Arshadet al. (2017) investigated the effect of Cag@nd CaSQ@fines on emulsification with
model (decane and hexane-hexadecane) and Norttr@aoils with deionized water, seawater
and formation water. The sonification method wagplied to create emulsions. Increase in
emulsion formation and better emulsion stabilityswabserved with increasing the amount of
fines (Arshad et al., 2017). This study confirmed tesults of Chakravargy al. (2015a, 2015b,
2015c) that the distilled water emulsifies bettkeart the seawater when synthetic oils are
involved. However, a North Sea crude oil formedaqur larger amounts of emulsions with
seawater than with distilled water. In anotheresikpental study Arshad et al., (2018) focused
on understanding the role of particle sizes on sifichtion. This study involved particles of the
sizes between 15 and 90 nm. For the model oilgetaamounts of emulsions with smaller
droplet sizes were formed with smaller particlesci2ase of salinity also facilitated formation
of emulsions. However, formation of emulsions wahNorth Sea oil did not show any
significant dependence on the particle sizes ame Izalinity.

3.4.3 Effect of pH on emulsification
Formation of emulsions is often attributed to atfief natural surfactants, like organic acids, on

the water-oil interface. The value of pH affectss thctivity. This value is determined by the
composition of an injected brine. Additionally, chieal interactions between rock, initial water
and injected brine may cause increase in the pebbign exchange or mineral dissolution.

Previous studies showed importance of the pH foulsion formation by in-situ surfactants.
Buckley et al. (1989) pointed out that dissolution of organicdaciwhich is dependent on pH,
can take place at a water/oil interface. Additidnveak acids and bases to water may lead to
well-buffered pH, which is maintained despite o tbnization of polar components of oil at the
interface. Hirasaki and Zhang (2004) investigatesl effect of alkaline surfactant solutions on
carbonate reservoirs during imbibition tests andctaled that moderately high pH obtained
from alkali solutions generated natural surfactdrdsn naphthenic acids contained in the crude
oil by in situ saponification. Rezaei Gomari andnttaida (2006) implied that generation of
surfactants from residual oil at elevated pH waes tain low salinity recovery mechanism.
Elevated pH can enhance oil recovery in severalswggneration of surfactant, change in
wettability and reduction in IFT (McGuire et alQ@5; Rezaei Gomari and Hamouda, 2006).
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Summarizing, formation of emulsions may be faddithby production of fines and change of
the pH of the solution. In situ formation of the @Wsions may result in plugging waterflooded
zones and diversion of the injected brine to displail from un-flooded zones.

4. General Discussion and Conclusion

We have overviewed the studies directed onto imyetsbn of the possible chemical and

physical mechanisms resulting in additional recgwarder smart waterflooding of the carbonate
rocks. We have attempted also to classify the wadcording to the investigated mechanisms.
This classification is necessarily imperfect, simoay studies consider multiple phenomena
occurring simultaneously (which validates their th@mng in the different sections). However,

on the positive side, we believe that nearly adl phenomena important for smart waterflooding
have been described in the literature; and the l@en mentioned in this review. It is unlikely

that in the nearest future a totally new and unkmowechanism of recovery for smart

waterflooding will be revealed.

A common point of agreement between the differanthars is that it is possible, indeed, to
increase recovery in carbonates by application rmardy composed and selected brines.
However, here the agreement ends. The researchigte dor importance of potential
determining ions in the brine (in different combioas: calcium, magnesium, sulfates,
bicarbonate, other specific ions). Other works destrate efficiency of the low salinity water
injection. There are also works claiming succesdath specific ions and fresh water; or of
neither of them.

The smart waterflooding mechanisms may roughly baded into static (appearing in
equilibrium) and dynamic (related to the flow). Aora detailed classification is hardly possible.
Many mechanisms work in combination, like expansibthe double layer and formation of the
bonds (complexation) on the rock surface; or fipescipitation, emulsion formation and fluid
diversion. At present, it is difficult to concludsbout relative contributions of the specific
mechanisms to gain additional recovery. Most prbhathe recovery mechanisms work in
combination and/or are differently important foresfic carbonaceous rocks. The future
experimental research should be designed in susfayathat makes it possible to study the
different mechanisms separately, confirming theipartance or excluding them. An observation
that phenomenon A is observed in the recovery pé&eis not sufficient to assert that A is a
reason for B. It should, at least, be checkedAhasults in success of B in all the cases reported
in the literature. In other words, not only posgivbut also negative observations should be
reported, and Propper’s criterion of falsifiabilgfould be verified.

Analysis of the importance of the different meclsams of smart waterflooding is complicated by
the fact that many experimental parameters areéepatrted or measured. Among the least often
reported factors, are: exact timing of the expentnemineral composition of the rock,
homogeneity or heterogeneity of the rock samplegrek of their consolidation, compositions of
the oil and effluent, production of fines, emulsdiion (or not), and other. In many cases, a more
comprehensive analysis of experimental condititmsn provided by the authors, is required in
order to make a definite conclusion about an algtuabrking recovery mechanism. It is
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important to extract quantitative information wheaepossible (e.g. analysis of the dependence
of the residual saturations on the value of capilllumber). Characteristic time scales for the
different determining processes (e.g. ion adsonptawe also insufficiently studied. As stated by
Bartels et al. (2017), analysis of the differeragasses with regard to the characteristic time and
length scales may be a subject for the future rekea

Experimental conclusions must be complemented anflad by a proper modeling. At present,
models for most of the recovery mechanisms, batticsand dynamic, are well established and
match experimental results, at least, qualitativellgwever, their predictive capability regarding
expected recovery is not high. The main parameli&es residual saturations and characteristic
times of the process, cannot be estimated in adyamithout direct matching the performed
flooding experiments. There is no way to evaluh&sé parameters better than within an order of
magnitude, based on independent experiments. Ootlieg hand, any reasonable flow model
incorporating a relevant recovery mechanism andgusésidual saturations and characteristic
relaxation times as adjustment parameters will dggable of matching the core flooding data
within their accuracy. The models can well captheerecovery physics and chemistry, provided
that it is known; however, it is unlikely that theyay help discriminating between the different
recovery mechanisms. This problem may probably d&#lypovercome by development of the
advanced models involving multiscale analysis aretaging. However, necessary experimental
information will still be missing there.

In sum, direct flooding tests are unavoidable atghesent level of knowledge, but they should
be supplemented by detailed accompanying experahstudies, like measurements of the oil-
water-rock interactions or the experiments invajvordinary and micro CT scanning and other
ways of non-invasive flow monitoring. The staticechanisms are probably unable to explain the
observed variety of the experimental results, dmel tecovery mechanisms based on flow
dynamics should also be involved. A large bodyxgezimental work has already been carried
out and may be served as a basis for further asalyswever, many questions still remain open
and require further studies.
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