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Abstract

Imbibition of water, as wetting phase in oil-wet fracti’.ea ~arbonate reservoirs, plays a key role
in fluid flow between matrix and fracture system. (F.e *ype of injected seawater and its chemistry
would profoundly influence the imbibition prc:ess. in this study, the impact of smart water (a
brine that its ions have been adjusted to fa .ilit:.te o1l recovery) and low salinity water on co- and
counter-current imbibition processes for o:'-wet carbonate cores has been experimentally
investigated.

The results show an increase of abnrut 0% in oil recovery for co- and counter currents for smart
seawater imbibition compared t¢ that of low salinity seawater. In addition, as a result of the
influence of co- and counter c'iri 2nt on each other, by co-current removal from one core face, the
counter current in the othcr fa.2 would be intensified by as much as about 75%. A close
examination of different ‘engths (5, 7 and 9 cm) of carbonate cores with the same permeability
revealed that by decrea.ing porous medium length, the amount of counter current producing oil
would be decreased so th7¢ in the 5 cm core, counter current oil production will not happen. For
similar core lengths by increasing permeability, the share of counter current flow would be
decreased approximately 18% since the capillary pressure could not overcome non-wetting phase
viscous forces. Considering the role of matrix length along with a modified brine (which is
designed according to the matrix mixture) strengthen the relevant mechanisms to have more oil
production so that the higher thickness of matrix causes the higher amount of co-current oil
producing and consequently more total recovery.
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Experimental Investigation of Different Brines Imbibition
Influences on Co-and Counter Current Oil Flows in Carbonate

Reservoirs

Abstract

Imbibition of water, as wetting phase in oil-wet fractured carbonate reservoirs, plays a key role
in fluid flow between matrix and fracture system. The type of injected seawater and its chemistry
would profoundly influence the imbibition process. In this study the impact of smart water (a
brine that its ions have been adjusted to facilitate oil recovery) a:w 'ovs salinity water on co- and
counter-current imbibition processes for oil-wet carbona*c ~uies has been experimentally

investigated.

The results show an increase of about 10% in oil recove.*wor co- and counter currents for smart
seawater imbibition compared to that of low salinr.y seawater. In addition, as a result of the
influence of co- and counter current on each nti..r, by co-current removal from one core face, the
counter current in the other face woula Ye intensified by as much as about 75%. A close
examination of different lengths (5, 7 axd 9 cm) of carbonate cores with the same permeability
revealed that by decreasing porous n eri length, the amount of counter current producing oil
would be decreased so that in the 5 ci.> core, counter current oil production will not happen. For
similar core lengths by increas.~a permeability, the share of counter current flow would be
decreased approximately 18y, sir.ce the capillary pressure could not overcome non-wetting phase
viscous forces. Consil'er,na (he role of matrix length along with a modified brine (which is
designed according to the matrix mixture) strengthen the relevant mechanisms to have more oil
production so that the higher thickness of matrix causes the higher amount of co-current oil

producing and consequently more total recovery.

Keywords: Smart water, Co-current, Counter current, Wettability alteration, Oil recovery



Acronym

EOR Enhanced Oil Recovery

CA Contact Angle

IFT Inter Facial Tension

WA Wettability Alteration

WAI Wettability Alteration Index

CBP Capillary Back Pressure

XRD X-Ray Diffractometry

SARA Saturates, Asphaltenes, Resins, Aromatics oil analysis

FB Formation Bine

SW Seawater

Oosw Optimum Smart Water

LSW Low Salinity Water

3dsSwW 3-times dilution of Seawater by distilled water

5dSwW 5-times dilution of Seawater by distilled water

3S-C-M seawater with 3-time the Sulfate concentration, 1-times the Calciu’ 1 concentration, and 1-times the
Magnesium concentration

3S-3C-M seawater with 3-time the Sulfate concentration, 3-times the Calci'.... ~on.2ntration, and 1-times the
Magnesium concentration

35-C-3M seawater with 3-time the Sulfate concentration, 1-times the C.. ~iui.. concentration, and 3-times the
Magnesium concentration

6S-C-M seawater with 6-time the Sulfate concentration, 1-times *.e Ca...um concentration and 1-times the
Magnesium concentration

6S-C-3M seawater with 6-time the Sulfate concentration, 1-tiras th. Calcium concentration and 3-times the
Magnesium concentration

6S-3C-M seawater with 6-time the Sulfate concentration, 3-ti'.es th. Calcium concentration and 1-times the
Magnesium concentration

OOF One Open Face

TOF Two Open Face

00COo One Open face and another face of ~.ore 1 ;olaied from brine with a special tube that allows collection of

the CO-current production

1. Introduction

Complexities associated with the oil production mechanisms in majority of oil-wet carbonate
reservoirs pose great challenges. 1:ie wettability alteration of oil-wet carbonate reservoirs toward
water wetness would imp: oy~ uil production when stickiness of oil to the rock surface decreases.
In the past few years, s ~arw water injection (modified water chemistry in terms of salinity and
composition to prepare wuie most efficient brine composition for a specific oil/brine/rock system
[1]) and low salinity water (low ions concentration) has attracted much attention from EOR
(enhanced oil recovery) research community. There have been many investigations concentrating
on wettability state of carbonate reservoirs [2-9] considering different methods to affect
interfacial tension [10,11] and wettability state such as gas-based scenarios like miscible and
immiscible gas injections into water or oil [12,13], or water-bases ones taking the advantages of
different chemicals like surfactants and nanoparticles [14-16] or ions to change the reservoir

condition towards oil production improvement. Since the brine modification is an available and



affordable in most water-based scenario projects, most current researches are focused on figuring
out new aspects of ions influence on the wettability state of reservoirs.

Wettability alteration during water-flooding by adjusting the composition of injected brine is
becoming economically more viable thus has become a matter of much interest [17]. The main
objective of EOR by ion exchange (chemical) mechanism is to improve the mobility of trapped
oil during water-flooding [18-20]. In low permeability rock such as carbonate matrix as a result
of using surfactant and brine, the interfacial tension (IFT) will be decreased (about 0.3-1.0
mN/m) and consequently the imbibition rate is expected to decre’se even though the wettability
condition changes to more water wetness [10,21,22]. By the use <. dn.ted Persian Gulf seawater
(SW) by 2, 10, and 20 times, the amount of oil recovery fro. composite limestone cores has
been reported to increase [23]. Nonetheless, in a chalky rap 1 cck flooded with diluted SW, the
performance of flooding has been reduced and it did n-t he /e the same effect as what was to be
for composite limestone [24,25]. Calcium and mzgnesium potentially active ions in the
wettability alteration process which is required t2 ¢ -t rlose to the rock surface for reaction with a
carboxylic component of crude oil and for'n a me.alorganic complex [19,26]. Although calcium
and magnesium are thought to be inns wi.'ch participate in wettability alteration (forming
metalorganic complexes), it is assumez' thot there is also a possibility of sulfate contribution to
the wettability alteration [27-29]. ™>*e *~ the negative charge of the sulfate ions, they are able to
get close to the carbonate surface «~d by alleviating the similar positive carbonate rock charge
with calcium and magnesiitm, ~rovide a suitable situation for easy reaction with carboxylic
components [24,25,30]. ".hei1ical activity and mobility of cationic ions strongly depend on the

temperature of the bulk o fluids which are in contact with the rock surface [17,31].

Fractured carbonate reservoirs are composed of two porous media with different permeability
conditions of i) fracture system with high permeability and ii) low permeable block matrix.
Accordingly, during water injection, matrix blocks would be surrounded by water through the
fractures and then two types of oil flow directions are expected to occur i) co-current and ii)
counter-current oil flow. When water enters the carbonate block matrix, oil can be produced
either in the same direction (co-current) or in the opposite direction (counter-current). The
amount of oil production due to these mechanisms would depend on matrix size and

permeability, oil/water viscosity ratio, type of ions that exist in the brine, crude oil chemistry,



and reservoir pressure and temperature conditions that control the oil feed from matrix to

fracture.

Many factors such as wettability [31-34], viscosity [35], IFT [33-36], oil composition, injection
fluids properties are known to influence counter-current oil flow. In addition, the interaction
between the fluid and porous media depends on pore shape, matrix permeability, relative
permeability and boundary conditions, which would, in turn, determine the rate of imbibition and
ultimate oil recovery [37]. At the beginning of the imbibition process, the counter-current oil
flow always prevails. The oil/water mobility ratio determines 'ow counter-current continues
which otherwise depends on the viscosity of wetting phase. 7 hriae mobility is high, then
counter-current oil flow continues, otherwise it stops and i =wad co-current flow begins to
produce oil [38,39]. Capillary back pressure (CBP) we< niw.:doned by Parsons and Chaney
[40,41] but it is usually ignored in co- and counter <urrent imbibition due to the strength of
water-wet condition and high-water saturation whizn aces not exist in the early stage of
imbibition. The surfaces where oil is producec « d'oplets the capillary back pressure (CBP)
would occur at the open face. During the in bib.iion process large oil droplets would usually
stick to the open face of the core. In this proce-s, if the radius of curvature of oil droplets is much
larger than the pore radius, then thz wnuld only produce small back pressures. Snap off
phenomenon could also happen f2- s*ungly water-wet conditions near the faces that are in
contact with the wetting phase resclting in coalescence of large droplets on the outside of the
core [42]. The study of imbibicon has usually been in the form of all open faces core [43],
therefore for a closer lock, e open face core investigation is required although in this model
the shape of recovery cu.*7e would depend on the core length to diameter aspect ratio [34]. The
imbibition always starts counter-currently and its duration depends on fluids viscosity [28]. If
water viscosity decreases though then all the interlayer fluid resistance will be in the oil and
counter-current oil flow will continue until the oil/water front reaches the other end of the core
[44]. Viscosity of the wetting phase is inversely related to co-current imbibition rate, in addition,
the impact of pore geometry type and pore size core distribution is imperative for residual oil

saturation in the porous medium [45].

Investigation the dominancy of either co- or counter currents under the influence of different

water salinities having considered the effect of carbonate cores physical parameters is the subject
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that novelty of the present study relies in. In this study, after determination of optimum smart
water composition and low salinity water concentrations, the static evaluation of wettability
alteration (WA) by the use of Amott method and dynamic evaluation by relative permeability
(Kr) was conducted. The impact of core face isolation on co- and counter-current oil flows was
also investigated when optimum smart water and low salinity water imbibe into carbonate cores.
Finally, the influence of core length and permeability on recovery factor was discerned in co-

and counter-current oil flows when the optimum smart water imbibed into carbonate cores.

2- Methodology & Procedures

2-1- Stepwise road map

Figure 1 shows the followed procedures for clarifying e .2les of the wetting phase which is
imbibed by carbonate cores, as well as determination ot .-ire length and permeability effects on

co-and counter-current oil flows.

> 63

*Determination of @& -Investigation of
smart water and effects of core
LSW WA isolation type on
performance co- and counter-
current oil flows

«Examination of
core length and
permeability
influences on
co- and counter-
current oil flows

/ /

Figure 1: Stepwise road map for investigation the effects of brine type, core length and permeability

influences on co- and counter-current oil flows.

2-2-Materials

2-2-1-Core samples
An outcrop block of Iran’s carbonate formation pertaining to early Oligocene geological period
from which many plugs were taken has been investigated. The results of X-ray Diffractometry

(XRD) test are shown in Table 1, which demonstrate that the sample contains up to 73% of



calcite. The wafer-size thin sections (thickness of 1.5 mm) were cut for the measurement of
contact angle, and their surfaces were polished for minimizing roughness effect [46].

The carbonate cores’ petrophysical properties and fluids volume after flooding process (pore
volume (V,), formation water (V) and oil volume (V,)) are provided in Table 2. In this study,
the VINCI Keyphi apparatus was used for measurement of porosity and permeability and VINCI
core flooding apparatus was used for saturating the cores with oil and brine.

Table 1: The used carbonate rock compounds percent obtained by XRD test

Compound name Constituents perce.t

Calcite 3
Ankerite \

Calcium Sulfate |

Magnesium Zirconium Oxide 2

Lead Calcium Zirconium 3

Dolomite T 19

Table 2: Petrophysical properties of the useu ~ores and volumetric oil and water saturation after flooding

processes

Core No | Experiment | D (%) | K(mD) | L(mm) | Vp(cc) | Vw(cc) | V,(cc)
1 Amott metho. | 15.0 25 67 1148 | 345 | 8.03
2 Kr Deterr."natiun 15.0 28 67 11.48 0.80 10.67
3 Isolatin beavior 17.4 32 67 13.28 2.60 10.68
4 Isolaui.n behavior 18.3 31 67 1397 | 270 | 1127
5 Isolauon behavior 19.0 33 67 1450 [ 290 | 1160
6 Isolation behavior 16.9 29 67 12.90 2.60 10.30
7 Isolation behavior 17.9 32 67 13.66 2.70 10.96
8 Isolation behavior 18.0 30 67 13.74 2.80 10.94
9 Co- & counter flow 21.0 29 50 13.20 2.40 10.80
10 Co- & counter flow 23.0 33 70 19.00 4.40 14.60
11 Co- & counter flow 24.0 30 90 24.62 4.18 20.44
12 Co- & counter flow 22.0 72 70 17.55 2.60 14.90




2-2-2-Fluids properties
2-2-2-1- Brine
As stated earlier, Calcium and magnesium are potentially active ions in the wettability alteration,

it is assumed that there is also a possibility of sulfate contribution to the wettability alteration

[17,27-29]. Based on this supposed theory, the design of smart water has been done in such a

way that the roles of magnesium, calcium, and sulfate in the wettability alteration process are

examined. To investigate and compare the performance of smart water and LSW:

1)

2)

Representative of LSW samples was selected among the s *ewater (SW), 3 times (3dSW)
and 5 times (5dSW) of diluted seawater (Table 3). Thes: ¢ mwinations are intentionally
being selected since we know that oil recovery der.ccSes by increasing dilution [47].
Furthermore, for better comparison between smai* wawer and diluted SW performances
and to determine the importance of active ions '19] soncentration, the dilution more than
5 times was not selected.

For investigation of divalent ions eff:c.. smart water representative was selected
between seawater with 3-time the sulfate concentration, 1-times the calcium
concentration and 1-times the magnes. !m concentration (3S-C-M), and in the same way
(3S-3C-M), (3S-C-3M), 6-timz *he sulfate concentration, 1-times calcium concentration
and 1-times magnesium cc..c2nation (6S-C-M), and in the same way (6S-C-3M), (6S-
3C-M). All ionic streng*1 were kept constant equal to that of seawater (0.63 mol.L™) by
adjusting the concertrati.n of NaCl. Table 4 represents the ions concentrations of each

designed smart w iter . amples.

The initial water saturatic in the cores was also obtained using formation water of one of the

southern Iranian fractured carbonate oil fields with ionic strength of 2.8 mol.L™. The

concentrations of various investigated brines are given in Table 3 and Table 4.

Table 3: Concentration of various diluted brines

Composition SW 3dSW | 5dsSwW
Na* (o.L™ [ 17.00 | 5.67 3.40
Ca™ (gL 055 [0.18 0.11




Mg~ (L) [ 181 ]0.60 0.36
K* (gL [ 043 [o0.14 0.09
SO~ (L'hH [ 320 |[1.07 0.64
HCO; (gL [075 [0.25 0.15
CI (L [ 2325 [7.75 4.65
lonic strength (mol. L") [ 0.63 [ 0.21 0.12

Composition 6S-C-M | 6S-3C-M [ 6S-C-3M [ 2%-C i | 35-3C-M | 3S-C-3M
Na* QL% | 14.43 12.13 10.76 iﬁJ.sz 15.36 12.25
ca’* (gL 0.55 1.59 0.Fo 0.55 1.59 0.55
Mg”* (o.LH 1.81 1.81 54, | 181 1.81 5.43
K* (g.Lh 0.43 0.43 0.43 0.43 0.43 0.43
S0~ (gL | 19.85 19.85 1 19.85 9.93 9.93 9.93
HCOy (gL 0.75 575 | 075 0.75 0.75 0.75
cr (gL | 21.95 255 26.89 20.91 21.14 22.94
lonic strength  (mol. L) 0.63 i .63 0.63 0.63 0.63 0.63

2-2-2-2- Crude oil

2-3-Procedures

1
Table 4: Concentr ati »ns of designed smart water samples

asphaltene was about 7%.

9

demonstrated in Appendix section from Figure to Figure 18.

The used crude oil was o tained from one of the southern Iranian fractured carbonate oil fields
with °API and viscosity values of 23.7 and 96 cP at ambient condition, respectively. The

saturates, asphaltenes, resins, aromatics (SARA) [48] oil analysis showed that the amount of

Following are the pre-required and designed procedures to examine the effects of different

parameters on co- and counter-current oil flows. The schematics of all followed procedures are




2-3-1- Aging process

Formation brine-saturated carbonate cores and thin sections were maintained initially for
14 days within a beaker full of formation brine (FB) at 75°C to achieve their original
state like what were before migration process [17,24,29].

The FB in the cores was replaced by the crude oil using core flooding system (oil
migration process). Having cores pore volume and volum’: nf injected oil, the amount of

irreducible FB saturations and injected crude oil have bee: ~aiculated (Table 2).

Next step after oil flooding, oil-saturated cores anr thi.: sections were then kept in crude
oil at 75°C and 2500 psi for 20 days. It shoui be pointed out that the amount of oil-
wetness changed due to the different compositi,n or 2ach thin section.

After the accomplishment of the ayin¢ precess, due to the reduction of those crude oil
components which were adsorbed to v.>e carbonate rock surface and also considering that
fresh oil would exist in the rec~rveir, the oil that was injected into the cores for aging

process, was replaced with *>a i 2;h oil.

2-3-2-Procedures of Z*el.*- Potential Evaluation of Smart Water and LSW for WA

2-3-2-1- Contact Angle *.leasurement

The Contact angle (CA) measurement procedure was carefully performed to discern the optimum

concentration of various designed brines (smart water and LSW) for maximum wettability

alteration:

Water from the nearest and the most accessible sea (Persian Gulf) with known ions was
taken as a sample.

In LSW samples, dilution for 3 and 5 times were performed using distilled water (Table

3).
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iii.  In smart water samples (Table 4), all brines were synthetic. By adjusting the salt
concentration, ionic strength (the total number of moles of salt per liter) were kept
constant with decreasing or increasing concentrations of sodium chloride.

iv.  All smart water samples were of the same ion strength with different concentration ratios
of sulfate, calcium, and magnesium to determine the best interaction with carboxylic acid
groups for removing them from carbonate thin sections.

v.  All thin sections in the specified time interval of 0, 48, 120, 360 hrs were placed in the

designed brines before measuring the contact angle.

In this study, a drop shape apparatus (DSA100, KRUSS, Cerinany) was used for the
measurement of contact angles. In brief, for contact angle ~.2asu.ement, a micro-syringe was
fitted with a U-shape needle and loaded with the fluid wi h \c.ver density (i.e., crude oil). The
syringe was then placed in a motor-driven piston and e tip of the U-shaped needle was
positioned in an optically clear vessel and immersed ir the cqueous phase. A carbonate rock thin
section with the thickness of about 1.5 mm was tt.-a r laced on a rubber block before continuing
brine injection to the point at which the drup 1 biy enough and leaves the needle sticking to the
thin section surface. Finally, the image of ."e drop on the thin section was analyzed. After
finding the best salinity of active ions 2'ic:. as sulfate, calcium and magnesium for WA and IFT
reduction by contact angle and pzde* drop method, to check the accuracy of the resultant

findings, the Amott method and relative permeability test were also conducted.

2-3-2-2- Amott metno.'
To check the performanc.e of determined optimum brine using contact angle model in pore scale

at static condition the Amott wettability index (AWI) was calculated as follow:

Oil-wet core of #1 (number 1) was soaked for 15 days in the optimum smart water (3S-C-3M)

before performing the following processes in sequence [49]:

I.  Oil flooding to calculate the amount of irreducible optimum brine within the core after
forced drainage.
I1.  Imbibition cell to obtain the amount of distilled water spontaneous imbibition.

I1l.  Water-flooding to obtain the volume of distilled water forced imbibition.

11



IV.  Drainage cell to obtain the volume of oil spontaneous drainage.

Distilled water was used because it had no effect on wettability during the test. Table 5 shows the

wettability condition determination range by Amott index [49].

Table 5: AWI conditions [49]

AWI Ranges | Wettability state

0.3t0 1.0 Water-wet
-0.3t00.3 Neutral 4'
-1t0-0.3 Oil-wet |

2-3-2-3- Relative permeability test
The relative permeability [50] test is extensively vscd at dynamic condition for determination of
wettability alteration. To examine the effect of \bta...ed optimum brine in pore scale at dynamic

condition, the core #2:

i. At first, was flooded with forma.an water (FW) and at each time step by fraction fluid
collector the volumes of the cil and water production were calculated and also using

pressure gauge apparatus , ~lated pressure data were recorded, simultaneously.
ii. In the second ster, t1.o core was saturated with optimum smart water (3S-C-3M) and
soaked for 15 uovs 2ad in the third step the core was flooded with oil and the first step

was repeated.

iii.  Thereafter, the resultant intersections between oil and water relative permeability curves

in the first and third steps were compared.

12



2-3-3-Procedures of Step2: Investigation of core faces isolation type on co- and counter-
current oil flows

In this section, to investigate the impact of determined representatives of designed smart water
samples and LSW on the amount of co- and counter-current produced oils, cores # 3, 4, and 5 for
optimum designed smart water imbibition and cores # 6, 7, and 8 for optimum LSW imbibition

were coated with different faces isolation type as follow:

I.  Lateral surface along with one face of cores# 3, and - were coated using epoxy
resin>0O0F
I1.  Lateral surface of cores# 4, and 7 were coated usin¢ epuXxy resin so that two core faces
allowed to be in touch with brine> TOF
[1l.  One open face and another face of cores# 5, anu % icolated from brine with a special tube

that allows collection of the co-current prozu tlon>00CO

13



COUNTER- CURRENTS CO- & COUNTER- CURRENTS COUNTER- CURRENTS

SPECIAL TUBE FOR COLLECTING CO-

NO FLOW CO- & COUNTER- CURRENTS C'IRRENTS OIL FLOW

CO- CURRENTS

A B &

Figure 2: Red color shows the lateral surfaces and faces that ~=dted with epoxy resin. A) one open face
(OOF) B) two open faces (TOF) C) one open face and an.cher face isolated from brine with a special tube

(green color) that allows collection - the co-current production (OOCO)

2-3-4-Procedures of Step3: Examinau.~n of core length and permeability influences on co-

and counter-current oil flows
The imbibition tests are usuc:ly parformed in all open faces and in such experiments, the
amount of oil production k\/ c2- and counter-currents are not determinable individually. After
determination of the hes, wetting phase type between diluted seawater and smart water
samples from thr, step1 the next step was to investigate the effect of core length and
permeability on co- ard counter-current individually. Cores #9, 10, and 11 were used for core
length investigation which possessed similar permeability, and also the comparison between
the results of oil production for equal length cores #10, and 12 showed the permeability

change effect. For this purpose:

i.  Boundary conditions were considered in such a way that core lateral surface was coated
with epoxy resin and tube and one face was kept open in contact with the brine whereas

the other with the crude oil inside an oil filled plastic container.

14



ii.  Two inverse graded funnels were used to collect the co- and counter oil production

separately, as shown in Figure 3.

iii.  The prepared core was then submerged in the optimum smart water (3S-C-3M) to initiate
co- and counter-current flows of oil. The face that is contacted with brine produce the oil

counter-currently and the other face has co-current oil production.

INVERSE GRADED FUNNELS

@ Ny

L— * \ j— L -CURRENT

COUNTER-CURRENT OIL FLOW "] _l/ Flow

ISOLATED CORE OIL 7ONTA NER

Figure 2-Co- and counter current
imwuibition setup

3-Results and Discussion

3-1-Results of Stepl: Pcfental Evaluation of Smart Water and LSW for WA

3-1-1-WA by LSW

Figure 4 shows the WA for SW and 5dSW (5-times diluted seawater) and 3dSW (3-time diluted
seawater). The superiority of 5dSW in WA than SW and 3dSW is probably due to the
concentration of ions near the rock surface and more chance for active ions like magnesium, and
calcium to reach to the carboxylic components which were bound to the carbonate rock and

separate them from carbonate rock [36] and alter the wettability from oil-wet to water-wet .

15



160
150
140
130 +
120 <
110 <
100 <
90 «
80 <

70 L] L] L] L] L] L] L] L
0 50 100 150 200 250 300 350 400

Contact Angle (8)

Time(hrs
--¢--3dSW —I—( Sd)SW —A— SW

Figure 4: Wettability alteration of sea we*~r a.d diluted seawater samples

3-1-2-WA by Smart Water Samples
Different concentration ratios of active inns (1~ble 4) for similar ion strength showed the
importance of the type of divalent cations fo: ‘ntensifying wettability alteration. As it can be seen

from Figure 5, 3S-C-3M has the maximur,. wettability alteration from 129 to 30 degrees.

As shown in Figure 5, in compansn with 6-time sulfate samples, wettability alteration for
magnesium due to its chemicai =ctivity and surface density charge [51] for 6S-C-3M is higher

than for 6S-3C-M. For all s,mtheic brines, magnesium with compared to calcium played a more
important role in WA.
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3-1-3-Wettability Alteration Index

Due to mineral heterogeneity of the tiir sections which, not surprisingly, resulted in different
compositions, then the contact «ny:=s (oil-wet condition) after ageing process will be different.
As a result, the difference betw.=n aged and final (water-wet condition) angles cannot serve as a
reliable indicator for coripa-isun of WA. Therefore, a non-dimensional number is defined as
Wettability Alteration Ii.ex (WAI), which is defined as the difference between aged and final
angles divided by the ditrerence between aged and initial (before aging process) angles. Figure 6
shows the resultant WAL for the diluted seawater and smart water samples. As illustrated in this
figure, 3S-C-3M and 5dSW with WAI values equal to 0.82 and 0.45 are the best representatives
for smart water and diluted seawater, respectively. The comparison of SW (“S-C-
M”>WAI=0.3) and 3-time sulfate (“3S-C-M”->WAI=0.44) and 6-time sulfate (“6S-C-
M”->WAI=0.38) implies that sulfate anions would highly tend to get closer to the carbonate
surfaces [36]. Thus, the sulfate anions must be at a proper concentration for permitting the

accessibility of other ions.
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3-1-4-1FT Results
Measuring IFT values could be measured during the tim. that its value is changing. However, in
this study the final IFT in each case has been rie:.sured and reported at the time that it was
ensured there is no IFT variation anymore [521.

3-1-4-1-1FT of diluted sea water sample/ oil sy_‘ems

The maximum IFT among the diluted scawater samples belongs to 5dSW (see Figure ). The

appropriate IFT for an imbibition procs¢ is in higher IFT value (increasing IFT (6) strengthens

the capillary pressure (P. = 2‘:L\\qe/r ,CA =06, Poreradius =r) and cause the tendency
intensifying of pores to imbiuc tne wetting phase) and the WAI for 5dSW sample has the
maximum value as well. 1n.erore, the 5dSW was considered as an optimum representative of

diluted samples (see Figu-e ).
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3-1-4-2- IFT of smart water sample/oil systems

The IFT results for smart water samples are co: sistent with those of WAI results. 3S-C-3M
presents the minimum IFT value (8.3 mN/m, ~nd maximum WAI among all samples. Therefore,
3S-C-3M sample was considered as ar op:mum representative among the designed smart water
samples. Figure , and Figure show *the .7 the smart water sample/oil systems and the wettability

and IFT results of the optimum repi 2sentative (i.e. 3S-C-3M) with the oil sample, respectively.
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Figure 8: IFT of the designed smart water samples/oil system

A B

Figure 9: 3S-C-3M sample A) change of contact angle in a ~.alc.:~ tnin section (from 129 to 30) B)

pendant drop IFT measuremeit (¢ 3 mN/m)

3-1-5- Results of Amott test

During the Amott test, the measured fluic's vc lume in forced drainage, spontaneous imbibition,
forced imbibition and spontaneous drcinage p.oocesses on soaked core in optimum smart water
representative (i.e., 3S-C-3M) led to va"'es of 7.6 cc, 3.86 cc, 2.85 cc, and 0.8 cc, respectively.
More spontaneous imbibition the.i >nu.taneous drainage yields Amott index of 0.37, which

confirm the water-wetness wettchility state of core sample.

3-1-6- Relative Permeav lity Test

As can be observed from Figure 7, changing the intersection of the water and oil relative
permeability curves from 0.46 to 0.54 on the water saturation axis shows the positive effect of
core soaking in smart water, which resulted in wettability alteration towards water-wet

conditions.
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3-2-Results of Step2: Effects of cora face. isolation type on co- and counter-current

oil flows

3-2-1- Investigation of co- and counter-current flows on each other
Two groups of cores were sutmeraed in the Amott cell. The cells were filled with the synthetic
brines to the same level to ei.m’nate gravity effects and were kept at a constant temperature of

75°C. Then, for about 22 'avs, the amount of produced oil was recorded.

For all brines that were used in these experiments, their viscosity was more or less equal to
distilled water due to the low level of total dissolved solids. Thus, all resistances against entrance
of the brines into the cores were in the oil phase [42], and all flow was due to capillary pressure
gradient. Due to further wettability alteration in 3S-C-3M sample, it was expected for the

capillary pressure gradient to be greater than that in 5dSW imbibition.

More oil recovery in TOF cores could be due to the existence of co-current and counter-current
oil flows in two faces simultaneously [53] (Figure 8-A, and B). By entrance prevention of brine

from one face (OOF), co-current oil flow would be eliminated and hence oil will be produced by
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counter-current oil flow. On the contrary, when the other face in a special condition without
contact with brine was allowed to produce co-current oil, the amount of counter-current oil

production was reduced on the opposite face of the core.

The reason could be that when co-current oil flow was allowed (OOCO) to the cores, then the
imbibition begins to prevail due to the impact of oil viscosity [42], the counter-current oil flow
will start [42]. As time elapses, though, the smart water invades the core due to increased water-
wetness ,based on that , capillary pressure gradient will strengthen and will be able to overcome
oil interlayer friction [25], which exists after the oil/water front ‘nd consequently oil would be
produced co-currently.

After smart water penetrates through the core, the amount of \ 3sistance for the co-current oil
production is less than the resistance against oil counter-cu, “ant production. This is because after
a while of counter-current oil production, fluid fronts move forward through the cores thus i) the
oil volume that have to be replace, which is in the p res after the oil / water front, decreases and
ii) capillary pressure would not have enouah force to overcome the resistance of water and
residual oil droplets interfaces behind ¢ !/water front. The movement of oil-water front in
imbibition process is piston like [54] ti.>ugh oif droplet upward movement would weaken due to
parameters such as trapping oil mech w53, interlayer friction and mixed wettability conditions.

However, the buoyancy force and :ap.'lary pressure are those which facilitate oil production.

An important issue is the comgetiion between the oil interlayer frictions as an obstacle against
the oil flow and capillary i cssuie gradient as a booster in progress of imbibition process. During
counter-current oil pro'tcuun, as the process goes forth and the front descends in the core,
interlayer friction of the vil volume increases. This is because of a longer path ahead of the oil
droplets than before while capillary pressure increases due to more water-wetness condition
behind the front. Nevertheless, increase in these two opposing factors is unequal and capillary
pressure gradient which imbibes the brine and ejects the oil out of the core seems not to be high

enough.
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B) 5dSW recovery curve of (Isolation typc — Care NO) OOF-6, TOF-7, OOCO-8

3-2-2- Checking the Cross-sectio 124 Area of Cores after Termination of the

Imbibition Process

After accomplishment of imkib.:ion process for the cases of TOF and OOCO, the two cores

which were imbibed by ontu.~ury smart water were with specific distances of 1cm, 3.5cm, and

6cm from each core fac. As Figure 12 depicts, in the core with TOF condition, the cross

sections which are close to the faces (Figure 12-1, and III) more area has been washed by

imbibed optimum smart water. Furthermore, the scrutiny of the cross-sectional areas indicates

that those segments that their compaction during sedimentation was more intense, either from

starting off the imbibition process were saturated with irreducible water or during the process

their wettability states has been altered towards water-wetness and have been caused the oil

discharge from larger pores. Figure 12-1I outlines the fact that more distance from the faces

causes less region affected by imbibed water than those of Figure 12-1, and III.
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As it can be observed from Fig. re 13, in case of OOCO core isolation, the invading of imbibed
optimum smart water has k~en .veakened due to the removal contact of one face with brine.
Distinguishable differenc2 01 washed area can be seen from Figure 13- I, and III. The cross
section that has the shorte * distance with the source of the imbibed optimum smart water (Figure
13- 1) has been affected by the entrance of the brine while Figure 13- II, and III were the conduit
of oil co-current flow. Generally speaking, the role of small pores along with the distance from
the face that is connected to the source of the imbibed phase is the determinant of how the oil in

the core will be swept by brine.
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With inspiration of the imbibition res 1lts, *he schematic of co- and counter- current oil flows
have been shown in Figure 14.
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Figure 11: Effect of different isolation core face on the amount of co- and counter
oil flows A) TOF, B) OOF, C1) OOCO-earlier time of imbibition, C2) OOCO-
after a while of imbibition

3-3-Results of Step3: Examination of core length and permeability influences on co-
and counter-current oil flows

3-3-1-Impact of cores length

The experimental results using cores #9, 10, and 11 showe: tha. with decrease of the core length,
the amount of counter-current oil production will be decieased so that in the 5 cm core the
counter-current flow reached approximately zero an co-cuirent recovery factor intensified by as
much as 20% and 13% more than in cores #70 o~ 11, respectively. By increasing the core
length, with one face water imbibition, th~. an ounc of oil in place that has to evacuate from the
other face will be increased. This mecns thaw for co-current oil production, the invading water
should overcome the interlayer frictic ~t (e oil that exists between the oil/water front and the
opposite core face which can be alu:hu.ed to increased oil volume along the core. The required
energy for movement of the v ettn.3J phase into core will be provided by capillary pressure
gradient [56]. If the amou:t o1 capillary pressure gradient along the cores is insufficient to
overcome the oil interlay 'r fri:tion, then the co-current producing oil will not happen and oil will
be forced to counter-curre 1t producing oil from the larger pores that exist in the same face which
water imbibes into core. Nonetheless, CBP may weaken the counter-current flow at same larger
pores. Comparison of initiation times of co-current oil flows in Figure 12-A, B, and C indicate
that, the core#11 had a delay to start co-currently oil production due to the more resistance along
the core in the oil phase. As it can be observed in Figure 12-C, after a while the beginning of the
counter-current oil flow, the co-current oil flow also is started. This means that, after invading
optimum smart water into the core and strengthening the capillary pressure gradient, the amount
of oil and consequently its resistance to co-current flow has been reduced. Therefore, the co-and

counter-current oil production has been observed simultaneously.
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Water imbibition by high capillary forces of the small pores and also replacing the water in the
pores that evacuate during counter-current producing oil are two reasons for increased water
saturation. As a result, the water-wetness would intensify and more oil will be produced co-
currently. Figure 12-A, B, and C present the co- and counter-current oil flows for cores # 9, 10
and 11.
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3-3-2-Impact of core permeability
Figure 13 compares the oil recovery of cores # 10 and 12. The length of these two cores was
similar with different permeability. As it can be observed from this figure, the share of the

counter-current oil production increased sharply by 8% in core #12 with more permeability. It is
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well known that, as permeability increases, the diameter of the pores in the core increases [56—
58] and as a result the capillary pressure gradient will be weakened hence the ability of the
capillary force for co-current oil production reduces.

Table 6 compares the share of co- and counter-current recovery factor from the total oil
production (TP) and from the original oil in cores (OOIC) at the beginning of the test.
Comparative effects of core length and permeability variation on co- and counter-current oil
flows are schematically shown in Figure 14.

50 «
0 PSR
$ 30 ¢ 0""
& 20 4 o
10-M:——I~A-H—.—.—H—.—I
0 - ————— " —

Time(hrs)
= Counter-h.” % = &= CO-RF%

Figure 13: RF vs. time of co a'id counter-current oil flows for core #12- Length=7cm-
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Figure 14: Effects of petrophysical properties changes on co- and counter current oil flows

Table 6: The shares of co- and counter-current recov."y factor (RF)

Core | %RF1p (counter-current Share) %RF1p (co-current Share) %RF o0 (Counter irent share) %RFooip (Co current share)
#NO

9 0 100 ) 45

10 13 87 6.2 36

11 23 77 12 42

12 21 79 |/ 115 44
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Physical properties of a matrix, especially the part of its volume which is taken up by small pores
is able to control the dominance of co-current or counter current oil production. Existence of a
well-connected network of small pores and its location inside the matrix and how much it is
possible to change the wettability state using different chemicals, gives the fractured reservoirs
the capabilities to eject more volume of the available oil in the pores. Generally speaking, the
closer small pores to the matrix face, the more counter-current oil production from that face,
however, in addition to the advantages of small pores network, the other effective items that help
the reserved oil to be produced are the average matrix permeability and wettability state as well
in which having higher permeable matrix, will increase the expecta.’»n of a dominant co-current
oil production. The competition between viscous forces (relatec to nternal viscosity of oil) and
capillary forces, distance of small pores from matrix faces, absolute permeability and the
composition of the injected water could significantly #77~c. the oil production from carbonate
reservoir so that having more absolute permeability, reas. :iable amount of well-connected small
pores and a modified brine according to the m tr.x composition compatibility , are the best
conditions that could happen altogether to “av. a better oil evacuation of fractured carbonate

reservoir.
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4- Conclusions

Matrix length, composition, and permeability are the key parameters that have to be taken in to
account in order to finding suitable injection points in fractured reservoirs. Moreover, taking the
advantages of mentioned ions in this study is the other side of the successful water flooding plans

so that enables us to fully utilize the water injection operations with less amount of residual oil.

Counter-current and co-current flows depend on the chemical preoerties (brine composition and
its effects on the wettability state and oil / water IFT) and physical roperties (permeability of
porous media, dimensions of block matrix) which govern in th~ 1,.22d system. Thus, based on the
obtained results in the present study, in the filed scale, coui.*»: and co currents will exist and
each one has a significant share in the total oil recover/. 1™"erefore, since changing the physical
characteristics of the reservoir is not economical ard, > many cases really impossible, the
importance of purposeful design of smart water ‘*at is selected to inject into the oil fractured
reservoir will raise for the strengtheninc o~ ti.> forces that play a significant role in the
production mechanisms. To recapitulate, ba>2d on the experimental results of this study, the

following conclusions can be drawn:

e Generally speaking, for sman vater compared to diluted seawater, the total recovery with

the use of optimum ions ."creased as a result of wettability alteration and IFT reduction.

e The presence of an optimal concentration of sulfate ions seems to be crucial for

magnesium and ca cium to increase the value of WA towards water-wetness.
e When lateral surface of cores was coated and:

i) One face was in contact with brine and the other face was isolated (OOC) then only

counter-current took place.

i) Two faces were in contact with the brine (TOF), at two faces co-current and counter-

current happened.
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iii) One open face was in contact with brine (counter-current oil flow) and another face
isolated from brine with a special tube (OOCO) that allowed collection of the co-current
produced oil during the imbibition test, the co-current oil flow weakened the counter-

current oil flow from the side that was in contact with the brine.

e The core length controlled the counter-current flow where the counter-current flow
reduced by shorter core lengths. The results also showed that for core lengths below a
critical value then the counter-current oil flow could utterly be eliminated.

e Core permeability influenced the imbibition process in s.ach 1 way that by increasing the
permeability the capillary pressure decreased resu’any In intensified counter-current

flow.

Declaration of competing interests

The authors declare that they have no known co. "peting financial interests or personal relationships
that could have appeared to influence the v ‘ork reported in this paper.

33



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

A.D. Sarvestani, S. Ayatollahi, M.B. Moghaddam, Smart water flooding performance in carbonate
reservoirs: an experimental approach for tertiary oil recovery, J. Pet. Explor. Prod. Technol. 9
(2019) 2643-2657.

M.R. Aghajanzadeh, P. Ahmadi, M. Sharifi, M. Riazi, Wettability Alteration of Oil-Wet
Carbonate Reservoir using Silica-Based Nanofluid: An Experimental Approach, (n.d.).

P. Ahmadi, H. Asaadian, A. Khadivi, S. Kord, A new approach for determination of carbonate
rock electrostatic double layer variation towards wettability alteration, J. Mol. Lig. 275 (2019)
682-698.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, The mutual effe tc of injected fluid and rock
during imbibition in the process of low and high salinity carbonateu "vater injection into carbonate
oil reservoirs, J. Mol. Lig. 305 (2020) 112432.

A. Rezaei, M. Riazi, M. Escrochi, R. Elhaei, Integrating su: factc nt, alkali and nano-fluid flooding
for enhanced oil recovery: A mechanistic experimental st.1dy <7 novel chemical combinations, J.
Mol. Lig. (2020) 113106.

A. RezaeiDoust, T. Puntervold, S. Strand, T. Austad, Sr.~rt water as wettability modifier in
carbonate and sandstone: A discussion of simila: . 2s/differences in the chemical mechanisms,
Energy & Fuels. 23 (2009) 4479-4485.

S. Berg, A.\W. Censg, E. Jansen, K. Bak'.er, Direct experimental evidence of wettability
modification by low salinity, Petrophysi.~ 51 (2010).

P. Ahmadi, E. Ghandi, M. Riazi, M.k. Malayeri, Experimental and CFD studies on determination
of injection and production wells “ora*icn considering reservoir heterogeneity and capillary
number, Oil Gas Sci. Technol. 2’TF? ".nergies Nouv. 74 (2019) 4.

P. Ahmadi, B. Shahsavani, ' 1.k. Malayeri, M. Riazi, Impact of different injection sites on the
water and oil exchange in > fr.~tured porous medium for different polymers: A visual study, J. Pet.
Sci. Eng. 174 (2019) 942-95-.

AK. Manshad, M C'ad, 5.A. Taghipour, I. Nowrouzi, A.H. Mohammadi, Effects of water soluble
ions on interfacial te.>sion (IFT) between oil and brine in smart and carbonated smart water
injection process ir .l reservoirs, J. Mol. Lig. 223 (2016) 987-993.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, Evaluation of interfacial tension (IFT), oil
swelling and oil production under imbibition of carbonated water in carbonate oil reservoirs, J.
Mol. Lig. (2020) 113455.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, Effects of ions and dissolved carbon dioxide in
brine on wettability alteration, contact angle and oil production in smart water and carbonated
smart water injection processes in carbonate oil reservoirs, Fuel. 235 (2019) 1039-1051.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, Effects of dissolved binary ionic compounds and
different densities of brine on interfacial tension (IFT), wettability alteration, and contact angle in
smart water and carbonated smart water injection processes in carbonate oil reservoirs, J. Mol.
Lig. 254 (2018) 83-92.

M.R. Aghajanzadeh, M. Sharifi, Stabilizing silica nanoparticles in high saline water by using

34



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

polyvinylpyrrolidone for reduction of asphaltene precipitation damage under dynamic condition,
Chinese J. Chem. Eng. 27 (2019) 1021-1029.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, Effects of concentration and size of TiO2 nano-
particles on the performance of smart water in wettability alteration and oil production under
spontaneous imbibition, J. Pet. Sci. Eng. 183 (2019) 106357.

I. Nowrouzi, A.K. Manshad, A.H. Mohammadi, Effects of TiO2, MgO, and y-Al203 nano-
particles in carbonated water on water-oil interfacial tension (IFT) reduction in chemical enhanced
oil recovery (CEOR) process, J. Mol. Lig. 292 (2019) 111348.

P.P. Jadhunandan, Effects of brine composition, crude oil, and aging conditions on wettability and
oil recovery, (1990).

N.R. Morrow, G. Mason, Recovery of oil by spontaneous imbibitio.> Curr. Opin. Colloid Interface
Sci. 6 (2001) 321-337.

H. Mahani, A.L. Keya, S. Berg, W.-B. Bartels, R. Nasralla, W.1". Rossen, Insights into the
mechanism of wettability alteration by low-salinity floocding (' SF) in carbonates, Energy & Fuels.
29 (2015) 1352-1367.

H. Mahani, S. Berg, D. llic, W.-B. Bartels, V. Joekar-N. -sar, Kinetics of low-salinity-flooding
effect, Spe J. 20 (2015) 8-20.

M. Stoll, J. Hofman, D.J. Ligthelm, M.J. Fakr, . van den Hoek, Toward field-scale wettability
modification—the limitations of diffusi* ¢ ti \nsport, SPE Reserv. Eval. Eng. 11 (2008) 633-640.

H. Mahani, A.L. Keya, S. Berg, R. Nasrali... Electrokinetics of carbonate/brine interface in low-
salinity waterflooding: Effect of brine ~alinity, composition, rock type, and pH on {-potential and a
surface-complexation model, Spe 4. -7 (£017) 53-68.

A.A. Yousef, S. Al-Saleh, A.).. Al Kaabi, M.S. Al-Jawfi, Laboratory investigation of novel oil
recovery method for carbon.te \ ~servoirs, in: Can. Unconv. Resour. Int. Pet. Conf., Society of
Petroleum Engineers, 2017

S.J. Fathi, T. Austad. Z. Su=nd, “Smart water” as a wettability modifier in chalk: the effect of
salinity and ionic co.nposition, Energy & Fuels. 24 (2010) 2514-25109.

M. AlShaikh, J. Mah: devan, Impact of brine composition on calcite wettability: a sensitivity
study, SPE J. 21 (2016) 1-214.

Z. Derikvand, A. Rezaei, R. Parsaei, M. Riazi, F. Torabi, A mechanistic experimental study on the
combined effect of Mg2+, Ca2+, and SO42-ions and a cationic surfactant in improving the surface
properties of oil/water/rock system, Colloids Surfaces A Physicochem. Eng. Asp. 587 (2020)
124327.

J.M. Bell, F.K. Cameron, The flow of liquids through capillary spaces, J. Phys. Chem. 10 (2002)
658-674.

K.S. Schmid, S. Geiger, K.S. Sorbie, Analytical Solutions for Co-and Countercurrent Imbibition
of Sorbing-Dispersive Solutes in Immiscible Two-phase Flow, in; ECMOR XII-12th Eur. Conf.
Math. Oil Recover., European Association of Geoscientists & Engineers, 2010: p. cp-163.

A.Y. Foley, H.A. Nooruddin, M.J. Blunt, The impact of capillary backpressure on spontaneous

35



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

counter-current imbibition in porous media, Adv. Water Resour. 107 (2017) 405-420.

A. Rezaei, H. Abdollahi, Z. Derikvand, A. Hemmati-Sarapardeh, A. Mosavi, N. Nabipour,
Insights into the Effects of Pore Size Distribution on the Flowing Behavior of Carbonate Rocks:
Linking a Nano-Based Enhanced Oil Recovery Method to Rock Typing, Nanomaterials. 10 (2020)
972.

S.J. Fathi, T. Austad, S. Strand, Water-based enhanced oil recovery (EOR) by “smart water”:
Optimal ionic composition for EOR in carbonates, Energy & Fuels. 25 (2011) 5173-5179.

P. Zhang, M.T. Tweheyo, T. Austad, Wettability alteration and improved oil recovery by
spontaneous imbibition of seawater into chalk: Impact of the potential determining ions Ca2+,
Mg2+, and SO42-, Colloids Surfaces A Physicochem. Eng. Asp. 301 (2007) 199-208.
doi:10.1016/j.colsurfa.2006.12.058.

A. Gandomkar, M.R. Rahimpour, The impact of monovalent ar.d u. 7aient ions on wettability
alteration in oil/low salinity brine/limestone systems, J. Mol. ! i, 2«8 (2017) 1003-1013.

H. Mahani, A.L. Keya, S. Berg, R. Nasralla, The effect o sa.:~iy, rock type and ph on the
electrokinetics of carbonate-brine interface and surface ~01, nlexation modeling, in: SPE Reserv.
Characterisation Simul. Conf. Exhib., Society of Peti - leur | Engineers, 2015.

S. Ma, X. Zhang, N.R. Morrow, Influence of flu:Z ‘ascosity on mass transfer between rock matrix
and fractures, J. Can. Pet. Technol. 38 (1999)

T. Austad, Water- Based EOR in Carbor.ate  an.' Sandstones: New Chemical Understanding of the
EOR Potential Using “Smart Water,” in. 7/ 13.

M.O. Denekas, C.C. Mattax, G.T. Da.fs, Effects of crude oil components on rock wettability,
(1959).

T. Puntervold, S. Strand, T. Austa.! Water flooding of carbonate reservoirs: Effects of a model
base and natural crude oil b: ses ~n chalk wettability, Energy & Fuels. 21 (2007) 1606-1616.

M.P. Yutkin, H. Mishre T.v' Patzek, J. Lee, C.J. Radke, Bulk and surface aqueous speciation of
calcite: implications f2: 1o, -salinity waterflooding of carbonate reservoirs, 2018.

M. Lashkarbolook., M. Riazi, F. Hajibagheri, S. Ayatollahi, Low salinity injection into
asphaltenic-carbonate oil reservoir, mechanistical study, J. Mol. Lig. 216 (2016) 377-386.

AK. Manshad, M. Rezaei, S. Moradi, I. Nowrouzi, A.H. Mohammadi, Wettability alteration and
interfacial tension (IFT) reduction in enhanced oil recovery (EOR) process by ionic liquid
flooding, J. Mol. Lig. 248 (2017) 153-162.

A. Haugen, M.A. Ferng, G. Mason, N.R. Morrow, The effect of viscosity on relative
permeabilities derived from spontaneous imbibition tests, Transp. Porous Media. 106 (2015) 383—
404.

G. Mason, H. Fischer, N.R. Morrow, D.W. Ruth, Spontaneous counter-current imbibition into core
samples with all faces open, Transp. Porous Media. 78 (2009) 199-216.

A. Haugen, M.A. Ferng, G. Mason, N.R. Morrow, Capillary pressure and relative permeability
estimated from a single spontaneous imbibition test, J. Pet. Sci. Eng. 115 (2014) 66-77.

36



[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Q. Meng, H. Liu, J. Wang, H. Zhang, Effect of wetting-phase viscosity on cocurrent spontaneous
imbibition, Energy & Fuels. 30 (2016) 835-843.

S. Herminghaus, Roughness-induced non-wetting, EPL (Europhysics Lett. 52 (2000) 165.

A A. Yousef, S.H. Al-Saleh, A. Al-Kaabi, M.S. Al-Jawfi, Laboratory investigation of the impact
of injection-water salinity and ionic content on oil recovery from carbonate reservoirs, SPE
Reserv. Eval. Eng. 14 (2011) 578-593.

H.M. Meighani, C. Ghotbi, T.J. Behbahani, K. Sharifi, A new investigation of wax precipitation in
Iranian crude oils: Experimental method based on FTIR spectroscopy and theoretical predictions
using PC-SAFT model, J. Mol. Lig. 249 (2018) 970-979.

O. Torsater, A comparative study of wettability test methods bas :d on experimental results from
North Sea reservoir rocks, in: SPE Annu. Tech. Conf. Exhib., Soci.*v of Petroleum Engineers,
1988.

J. Toth, T. Bodi, P. Szucs, F. Civan, Convenient formulae for ac*ermination of relative
permeability from unsteady-state fluid displacements in r.ore ~'ugs, J. Pet. Sci. Eng. 36 (2002) 33—
44,

P.C. Myint, A. Firoozabadi, Thin liquid films in improv. 1 oil recovery from low-salinity brine,
Curr. Opin. Colloid Interface Sci. 20 (2015) 105 214,

I. Nowrouzi, A.K. Manshad, A.H. Mohammci, e.iects of dissolved carbon dioxide and ions in
water on the dynamic interfacial tensior of | sate. and oil in the process of carbonated smart water
injection into oil reservoirs, Fuel. 243 (."14) 569-578.

S. Wickramathilaka, J.J. Howard, J.C. Stevens, N.R. Morrow, G. Mason, A. Haugen, A. Graue,
M.A. Ferng, Magnetic resonance "m.iny of oil recovery during spontaneous imbibition from
cores with two-ends open boundary erndition, in: Proc. Int. Soc. Core Anal. Annu. Meet., 2011:
pp. 18-21.

X. Zhou, N.R. Morrow, S. M. Interrelationship of wettability, initial water saturation, aging time,
and oil recovery by spc. tane .us imbibition and waterflooding, in: SPE/DOE Improv. Oil Recover.
Symp., Society of Peuu~uini Engineers, 1996.

E. Unsal, G. Mason, D.wW. Ruth, N.R. Morrow, Co-and counter-current spontaneous imbibition
into groups of capill>.y tubes with lateral connections permitting cross-flow, J. Colloid Interface
Sci. 315 (2007) 200-209.

B. Ataie-Ashtiani, S.M. Hassanizadeh, M.A. Celia, Effects of heterogeneities on capillary
pressure—saturation—relative permeability relationships, J. Contam. Hydrol. 56 (2002) 175-192.

S.K. Masalmeh, The effect of wettability heterogeneity on capillary pressure and relative
permeability, J. Pet. Sci. Eng. 39 (2003) 399-408.

G.R. Jerauld, S.J. Salter, The effect of pore-structure on hysteresis in relative permeability and
capillary pressure: pore-level modeling, Transp. Porous Media. 5 (1990) 103-151.

37



Appendix

Amott Method
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Using imbibition cell to Replacing remained crude Using drainage cell to
obtain the amount of imbibe oil by distilled water obtain the amount of spon-
distilled water taneous draiage of oil

Figure 18: Steps of the aging process to reach the original condition after oil migration in a reservoir
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Contact Angel Measurment
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Figure 19: measurement process o IF [ ana WA determination
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Figure 15: Amott method process to determine the pore scale WA in static condition
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Relative Permeability Measurment

M (I (1)
e
Displacing the crude oil with FB and collecting :
Aged Core #2 produced oil and FB using a collector + Record- Core After flooding
ing pressure data related to each collected
fluids fraction
) (Vi)
> ) > >
Using core-flood system to Soaking for 15 102 _ing optimum Repeating step Il
saturate core #2 with op- days into optimum sm. "t water with
timum smart water smart water crude oil

Figure 16:Relative Permeability measure’aent to determine pore scale WA in dynamic condition
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Faces Isolation Behavior Test
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Figure 17:Procezu e 0! core faces isolation behavior test
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Figure 18: Procedure of core petrophysical properties effects on co- and counter-currents oil flow
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