IWP-VED dmivo AFe) Caiigusdyl 3 20958 ITY o ko “uu"’; g3 allio [P
k4

O)LBw jd NMo—igr Ol 5,35 gl j9,—
Cg 4TS (4515w d b3 08 L (S

ol —

2wl 58 ol g oLy & pai plige ol STS Lo oo «jg 00! jLaolS Fuigil Loy
Sl cleal cogiz e gblie Lo oS 0

R ERIARTAT SR VE- YA sl gl

LXVOCS

Sl Gy el 4l ol (2 ol jo atebgr Ol )5 pegas o (Slidos slacld S gla e Job
DR U F5{EROUy It AL SINWVI Y. TYRE i 155 R 3T S I Se P gy (UL g+ JUPIPS T EED Y IR EONR. Y
e ol e Lo Ol dn Cas aneign O G, aS couloals i B aes g0 b oui plosl lalas ool
303l yo ataisgn o 5,55 0 ) Shoe oy jsliie 4y (sounio sl gjl (j9iS6 00,5 Cd 8L b oy po il
15 55 51 S i s ¢ oS5 5t 0z gl 2Ty s 4y JUo ol Ly il oas syl s el
Saigr Ol G35 Cm (3 0, Slas (o Gy ;B e a5 Sl o0 (s e i S5l o il 0
Oml il 43S 18y 055 aalz el (slle g 4l S p3loe o atebige O Gy alie (ol ol Jlg e
aslyS slaSiw j0 abg e slagiler 5 (Slae 5 (2 iulejl slacalled Bly 550 slaylS g5l 55,0 Jals alllas
ioiisr ol 5,55 o obosl 5 eyl siefign O 335 anails 5loee T8 sbaylone Ll o il oo laule

] 00 ‘57&_...)&0‘ U‘J_" ‘5_’29 [ LS.\L_.\Mi:.J A_JL.’; u)l_?u B

Glalhs sl )S g (glamwlo (3510, g5l ¢y o8 O Bt 35 (ol Cmiil 2 3331 2 gu0lS LS

ol 4SS o5l (Sl 9 ARyl
JLsd et jpdate 4 58 5 Ol 55 gl oy Aol
Pl GF S e S osliiloys e (S il g 000 die a5k 5l e a g ol
GoF A anaog Liangbodgadope g el obe)l L aall o Jg 5 an gl adss
g & e Ol iy e L 5w L a S 4 gl o g AL e )5 s e
e gl am eobsie sl (b (2l b o5l i g e 5 el 5,5 Oy pe 4o

ool Al Lad c (60 ) s =y sl al> o 50 09 o oolaiwl cdi a g (gl 3tre

: il e Coe e s . bazvand.p@nisoc.ir Sy Sl ol
Alese (B O3S 50 ol S Gl oo (DOT: 10.22078/PR.2022.4460.3027) - Jeomss sl



Ol o2 9 Wigil bigs

sbrog S @83 )9l g 0o S oy p ]y aslnS
aslyyS phs gopd ot alauly 4y o8
L -f] ase s a1 aslBais e Jols pls as
oo Slidiss slacudld |5 45 —age Slegoge
5 SamedS Pl ot &85 )15 8 () 2 959
o S Al g ay bl VY- -] ol
a4 S) Ssliuly xSUl YLaisl g Jnd g [V 71 Y]
V] 85 (o5tiion 55 o3lacil Ly Jomily g
oo aslyl Lol g5l cl ;53 a3V [T
Sliwlg S 5T g0 o ol e g Sliagl laogs
O ConlS o o1y aiBais Se JolS g
S YlgSmg JL g5l ailos 57 5155 9 (i
g Sae JSs [TV V] g qeal Jlzd [TV LYY
AR 4 [ NSRRI CESN U | A 8 N T
= AS W 650 ekt sl
ool sl ST sl gl oYLl g b
6l a5l g3 coais plosl Slalllas

w0l 3P el ey

o e lisee VL0 5,5 cslopobosl ad> e o
Dy sn By e 5o L gl ui’*—‘blsf*é-‘—“
S a9 5 izt SLS 5 (35od A inge 5]
Stz Sl ol by ) S plee A ()5
S8 ookl 850 0 sledl c s lie ialS
ol ol iyl lallas gyl ol 4 S
S5 )50 5 el 001 Ly iiee Lo augs o0
el comd i3 ol s Ly (S w5 S
Ol lrend Jols alyi oo cadly oglins w5l
e |y S s 5 S Ol s
Jols i sy ymie A S a3 0l Jo b o
S Bl ey il e jone 4 S S e
aS Ol gg ol d aiize 5l 50 h aalgs
Sl il ST ol )55 Oliee 5 (P32 S 5
4SS ya0 5o e, S Dbl sie_bga O el

Ol sl 0 s ppm 5l S B ol g e

ol 00 Ly 55808 O Gy 5 0, Shoe irog
i oo dle B g5l pgas )3 ja Sl L
Sl aigfa a Sl g o s ol o S5l o
5 0o oelade po sl Alilan ;o j5 B6S

[rol s las sgoy ,las 5Ll s aalys o

=05 2l 3P 05— 0 Sl Sl
alosls I8 (o) 0y90 5 1) 6500 Jslge
JUEE RS SR L 7 IO SRS P S N
asa S oSt Gl Hob slagubde 138
Jlsisl g Jsed bls )l el [YA] o) 50 5 9l

s s s Sy L e s
[val ohes o VLT assls i o slajlw
S 3 Gl (- Sae 4S alEtylel gle S
‘) . b)_:éﬁ)j—wws‘-’]é—’))" é)l—“ obl—:—éj

Aol lis

Ao Lo gloadcs | bame | golows 1)_.;>1
UT d...))).sL_)d..Ja.:‘)).) 03 ﬁL.?u‘ Slalae )9 =

1. Coalescence

Mo Bga Ol Gy 5l 50 09 se 0aeli HoiS
WYL Sl Gl an c8lb o o il
Y o 0dsilendl cai ualS g Gmli_.i’.iu)"l oolodo
Hyone )5 A Camd (Sloee bl ;0700 (I

o 00 odlie O]

ams ;- 3l o oS Ol Gy Ayl eay
i adbb il o s V] ams 2 das) a0
o0y ok Si aule 53 55ieS Ol G5 Lo,
L Y] ol cams oy pygm a1y o 5 0,5 onalive
3 gl A 838 o ea plil sla IS 04>
2t 5 es g g,le 45 le; 134+ ams , Sl
1y lamsle slmojio ;o j5-365 Ol 35 Slotyles]
Onhioe 4B g dzr gl 050 By, (] dSOged iiie
alasde ol ilil o Kos By bl Y] e s 1,
Py o Gy A wga S el p o
RINESOURNEINE SWEFICES-PETE ST
L) gamaar Clo 55 G e Jlod Lo 50)
g 5l asly S il po il p sl o9 5o
S 53 y9—isnS Sl Gy 531 5o 5 Sl



IWF-IFD amio AF) Culmd)l 3 0295958 ITY o)l ‘:&-:y;;
k4

cr-’ﬁ)L?' oo)’l_.: ,«._:"’ ‘).9‘ g0 4_§ OHGA oo}yi
| JU-P P LSNP W I W PESE WEPN WP YL WO
o] g S gl ialS e >ge 0l o
s (=l Geals ez g oo Lal g oislw
QHGA . ‘ . ul—’)’ "|}_§‘ P AJ
e—lals ool s (S en g o S
a8 ol Gy S50 (sl pals g 5, ol
lov] oz alez coai adgl o9 il A i
pH 5Ll 5

e g oyle i )L i tee b Ll S o )
S8 YL 6,00 L gS_A.;g._J Jodme om0 04 S
Sgam |y (Ca?) (8,b 50 slo (938 0,5 o0
Sl (05 F] ol aa 5 sbiwgl aiS o i
Sl o)l 0929 o) e 695 = S5 9 e
s o U S BT ST U
—oad od > 8 b gy slayesls Jols
u_)‘ .QH)GQ w__@ a- éj._.>9n JOL.JJ s&_ﬁu c.‘a_»:
sl ol sl 5Sge s Ly ol ozl b
Joles a sl Jdo as o yaslS plw as o
Jsoe 53 39250 OH slayg c(rizrod N9 o0
O‘H l_> \.\_u‘yGA OH- ‘_;L:auy 9 09— g)“’l—“‘}
SV S g gl Sl L] silsle) s

2 o) Sy 4 boe )95l (il )8 et

)9.,\2:} 9 - )0 Og—>g0 6-.’4.9 ‘>‘H Sg—=>9 ‘do)l-..u
Db e w5l o yo (Ca? i) ;S50 slagesls
Wlse b SO

=l g O 13 35250 Loy adS B,
aeS (MIE) asB s> S Jols o Sow mhaws jo

FENTIUER

e glo g5 adlie ol ,o [0) 5 FY rE ¥0)
ol = e sl el b 55l g aiadige O 5035
6@&_.“ 5O 4._.1[?‘» Oy ‘M_M.»lofobo)l 02’9)
o 5 4 120 5 0y perr S dwlo g asly S
f’L’.‘-;‘ olalllas C—’L»-’ u»Lw‘ = e ol 00
50 dedga Ol 5,5 b ¢ Lo las o
S b GEKh il 50 Eblo pobiajl by !
a8 )3 8 ) p 890 g s bl e

dmwlo (3L 45 Womnigr O Gy 3 s, g5 w
43\...»)5 9 )

30 ea—d a Sl sl gl a IS S0 ol yo
Lm)IS”L.» U_" )‘ (r‘>)4 R PR )9y A_tLu;ﬁ
A B e Mol g 0 s STl 4 g
LSKww awbo o Golggion s, g 50w

03 Oglyoed

oy i Ol eSOl G5 Lols las o)l
=l el g o) (9B pye—te rge g 00
w._?o- w_fbls —g0 oA_)do u_:‘ 09—“)6‘ &J_w
S 5l e g A g oad S50 J S lad
FRTED- N Sy S S | SRR PRUONE I
107 0] alesges (3,155 ) osdm K
791 Sl

aaler CJa_..Jjuu)Q\).SQ..\_.LL\_?@ > 50
S 69L_> 9 099 Cw séd»d.).; )9_5&@ u‘)é )
ORI ST SO O PR
wlin 50y Ol)d Oy lpe ( 8,0 5 Iyl Al oo
6l_mo).é.> olf5_L? QM 05d_.~.c —— )_Q.»JJ d_’))"
u_cl) 9 K \.\_(b‘9:> S u—"ﬁ‘f’ w_a:lf F) m))'ggi



Ol o2 9 Wigil bigs

Aol 0 Dei g0 Sl g o,y S, bI EDL bl .l
9 Uy e b (5 aadls (g5, SEDL bl
el ol o 1y anbiee il ot (dad Sy
0 G it a S 18, g0 sloyeslS slass
o) g 4o iie ;L L aBoly o (40,5 S
[0a] o5 e 5 solTig,md 0l oo sials ws)ls |,
25 (el 9o slagssls el Lais 5 ol
-l § S-S s 50 50 L5 Jemely gl
O a8l (69,5 EDL bLoil L aoe jo 5 2l
Sobioe il ends (hd sly o g ) (io o
dm ol Jole adlr o asdly 4 Sl (Y JS0)
e Sw mhw el slgo wwsS ade S0
gl oo ay (Sis 53 ol g Ay 5 o0
5 EDL blwodl 595l a3lg 1o .00l oo i
OS5l =S sl e (S Al (LS
Jr Lt 33 Jail sl b 5 slnelS

1s-] 30,5 oo i Al in

w0l 3P el ey

G—p bl e H >Ca™ >Mg"™ >K*>Na* > Li"
il o 5l a8 (558 g Sgliie S 5 L o
5 Jb s S whw o (S SO o
2 05290 e ShoS e slaysslS g 0g O o
Ly 5T slonSlnS” m3S0le (Hi)5 Jlms
Ngi o oy g ;00 Lz g5l JT olss
S a5l (0,59 000 lge a0 () JSE)
UJL’)L) S @a_w QM CA_NSOQ—‘ l_’ 9 03 LA_?-
LoV] 0l oo il3dl cos

S S A8 gd arY i1

Lags 5l o)t (EDL) S 2SIl aSil5g a Y
‘_,’_:me_w.‘! L S ol 6)‘5_46 )‘d)l_g 4_:}/ 99 l_,
&LM&.)T l_t u,..»L.o.J 5o S o l_, <. ! )‘
[OA] o e § it g oo alls i3l o
el ol G a2 )0 ialS o305 sl iy

Initial situation

Low salinity flooding

Final situation

z d z
o | | v o
X, O- Y
NZ™ ¢ o)
°N| H ca?t & H H\ ca® NTHT
) Q) e e B e
Clay Clay Clay
R R z R
7 7 e H (=)
0=C o=c_ _H o= Ny ca
W =N °
H : 2+ H H Hy Cat H
e =) e E) e ) E) e
Clay Clay Clay

L0a] G5 5l am (@ 5 o) 5 3 () (S sl ailFgo ¥ culies 508 OF B3 H1 5l (Siles ¥ S

(b)

Incr(:z\sscdt
rcpulsionl




WF-IFO axiio AF+) Sl d)l 9 (29598 VY olos o-&u"’;
v

3 g oo ozl a sl S § ShSy S
05—l 00 S [y sLp(yg 4l S sla i
35 5 g i 5Ly SO,7 g V+Ca? Mg ol
(FS2) bl oo (Swg—2 5

80,? o= «asln,S lasiw o Ljps ol g5 L
Wl G5l O 5l i Lye Ol o ol eclale a s
S Bl e g i S i 59, —
80,7 Ho— iz Lo 0y b g Siw s Ce
O oz g oud al il S e )L ol
STy 5 4 S ) Sl S 5,5 Sls s
P s=se o—holy o Lo 8 bes slanesls
S e LS Ay Giored 9B e iy Sl i
aS Mg? sla iy g ail ;550 PDIs cdled o Loo
WS o My Lialiél LT e lad Las islsal L
§ S g 0 Ca? Loy sl wlgee
[o] S SlS5 S slgo (g 3lwsly] o ge
(EDL) S oSl ailSgn 4l 31

Sloas a s Swio] Ly soi ploul lilejl
slegg clale ials L as cowlosls ;Lis NaCl
(PDIs) JLsd slopg ¥ ool o Jlsdpe
2 g S mla s Qi ]y 4 0 dlg
Ly ombiee pils S o )l 4z

M 2+
9 s0z-

Ca¥
¢

2+
i soi

FENTIUER

IS (32,5 aliia ,L8,

O3 35S 2l 3 L ol sl 1l S
sla 5 job J> 3l 0 OH) JoeuSg 0
S 0 3290 Glrawl oy ol S e [#v]
b o ol anles oo adei ColiSe g sl
b s pealS A, e o JSIT 5o
Mbw‘ﬁ‘@%jouoﬁuijww
Wl bSouw yo Goluiy o, U9l

S Pl

(SO, Ca™ Mg s_ile) "og-alls oS oy xs slayg
135>0 SLaPDIs Plovl cmgo i ,5 Sas ol o
CaCo,«CaMg(CO,),Ca- a—ilo Liice i sl SIS
&l glwdlsl cge ol a3 ol e oo SO,
30 9 09— oo 63— J—= LsLib‘sSlf A ol ‘rJaB
o Pgr JoS

aJgl el el S bl 5 s
o Mg g Ca? slayg Yo clle | Joa
Sloe (e $9-8 Sissm 5! S Al jo as )

MgZ* M‘qzﬁ
Mg?* Mg** only Lo
Ca*™ Ca?
'

502 Ca:f_;‘so}- soz- Ca!?‘so}-

T R S

Ca603<s)

2 dCa?t
& 1+ °C YU slod
20';

2+ C
Mgt Mgl
9 ‘soi-"19 50

L T SR R SR S

CQCO;;(S)

Lol laasly S j0 «MIE» 5l 0 Saigh i golgidun Sg5ke 5l s poas ¥ JSib

1. Minerals Native
2. Potential Determining lons



Ol o2 9 Wigil bigs

s s JLsb Sy 5yl g Lo i
et A g oot i L8 S A S mla
=0 Sy ad aaleS e Sow (SWig b
S Jl iiSen B g5 el
sl St i S S

S ol 5L

Trbe O g (Sl hwgi a8 as 8 (0l o
e slie s ile Lo o aiilas jo oy el oais
Ol g )5 5508 ol G el JLsd g oo, S
a3l ks 455 g Lo 45 05290 j5
L] acs aalys Lacas L5l

Wi VgSunng Cono b

ol 650 ieals L ass S Leol o)), an g g0l,lg ]
SHL Y awcYl cols g cdiohd ol
Simal3dl Lo VY] ol e aemldl O g i o
ol Olas 5Le Swgy i wsYl csls
7S 0uilenBl ok plie v ol A b
PS5 e Gl ks Bl b
(S el a5l S) Ko 95 ol s oS5
(o Sl Jlaar Jle) o305 &5 sl iSam 5

Lloa—d (gaudi—ws

\

w0l 3P el ey

S sl Gl a Tl o (S e
s [a] ais olT ) Ko e (59, 00 s
L (e YU) cwgocds o> 5l jee onimo)lis F
(Cml, YL ailSgn a5 Jlabpé sl gy glais|
lops 4l L (cz ol comgoc] el oy

S pudo 5595l

! S 39,9 551

Lo oo, slin [V] o8 an 5 oo Lo,
Slacie SOl (i35 O (6598 Glise ot pkeS
il ol e (AT aluS 5 Pl e bl jas i
aS (Al olys 5l (mam pab o> s a s a b
S8 oz o) gl 4 hnd jp boa
Syl g0 ALES Sad 39,9 51 sdmay (ol an S e
R N O ]
i 5o O Wil —g,50e

s ol By aia S Gl ol 5 solae

—9 S 0,5 o0 58 (B i Dpglme o
w one )L_B o) .- _UT Oy FEDR u] 6L°)l |

g See oyl oSy LY ] sg i e S

Disjoining Pressure (atm)

Qil-Brine interface -

~ Rock Surface

Rock-Brineinterface™ ™ |

I \-/v;e' film thickness (nm)

Strong Attraction

+ 4+ + + o+ o+ o+ o+

CaC03 (s)

Disjoining Pressure (atm)
/

Qil-Brine interface -

[PRN—

Rock-Brine interface——1"" __Rock Surface

Weoak Attraction

Water film thickness (nm)

v v
O G G D O

CaCO3 (s)

18] «EDLY J1 o (Suish s seis sln ool JSaike 5] 0 B JSCid

1. Salting-in Effect
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Introduction

The life cycle of oil production from reservoir are
divided into three periods: primary production,
secondary production and tertiary production or
enhanced oil production. In the initial production
stage, no fluid is injected into the reservoir and only
the natural energy of the reservoir is used to produce
oil. In the secondary production stage, water and gas
injection is used to stabilize the reservoir pressure.
Water injection in the secondary production stage has
been recognized as a common and practical method of
pressure stabilization for many years due to its ease of
injection, environmental friendliness, cost, source and
efficiency. After the primary and secondary production
stages, a large amount of oil still remains in the
reservoir. Recently, optimization of ionic composition
and salinity of injected water has been used as an EOR
method to reduce the amount of residual oil. During
this process, which leads to a change in the chemical
balance, the wettability of the rock also changes, which
will lead to an increase in the oil recovery factor. Some
researchers have named this type of water, whose
ionic composition and salinity are different from the
formation water, as smart water. If the salinity of the
injected water is less than 5000 ppm, it is called low
salinity. Due to smart water injection, an increase in
recovery factor of up to 30% on a laboratory scale
and a reduction of residual oil saturation between 2 to
50% in the field scale compared to conventional water
injection has been observed. Although the original idea
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for low-salinity water injection was introduced in the
late 1950s [ 1], but gained significant interest in the late
1990s [2] when Morrow published the results of low-
salinity water injection experiments in sand cores. On
the other hand, the significant increase in oil recovery
factor by injecting seawater into the Ecofisk fractured
carbonate reservoir (in the North Sea of Norway)
which permeability is in medium range, opened a new
chapter in the field of EOR in carbonate reservoirs.
Based on studies, several mechanisms have been
proposed to describe the performance of smart water
injection: clay hydration, fine particles migration, pH
gradient, alkaline flooding behavior, multiple ionic
exchange, electrical double layer expansion, rock
dissolution, salting-in effect, microdispersion of water
in oil, osmotic pressure, and viscoelasticity between
fluids. However, there is still no consensus on the
dominant mechanism in smart and low-salinity water
injection. Also the share of each mechanism and how
they lead to increased oil recovery factors, in core and
reservoir scales, are not properly idendified [3].

Smart Water Injection Mechanisms in Sandstone
and Carbonate Reservoirs

In this section, all the proposed mechanisms for smart
water injection in sandstone and carbonate rocks are
reviewed. Some of these mechanisms are not completely
independent. The mechanisms are explained along
with how to affect the rock and fluid properties and the
increasing of oil recovery factor (Table 1).
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Table 1 Smart Water Injection Mechanisms and laboratory experiments.

Mechanisms Researcher Formation Type | Description
. Absorption of low-salinity water by clay —Clay Swelling —Porosity Reduction
Clay Hydration | Bernard [4] Sandstone . .
—O0il Production
) . Sandstone Expansion of EDL — Detachment of oil-wet clay from rock surface
Fine Particles | Tang and Morrow
Migration [2] Sandst Fine Particles Migration —block pores throats— redirect of water flow path from
andstone
invaded area to upswept areas— Increasing microscopic sweep efficiency
At reservoir condition, the formation water pH is about 5 — absorbe to the surface
. of the rock—Injecting Low-Salinity Water, disturbing the Equilibrium— Cationic
. Austad, Rezaei- | Sandstone and . .
pH Gradient Exchange between H' and —Increasing pH and— Reaction between OH- Po-
Doust [5] Carbonate . .
lar Substances Adsorbed on the rock surface —desorption of polar materials and
change of wettability
Injection of water base fluid with different composition and less salinity than
Multil formation water— lon exchange between the mineral surface and the injected
ultiple
. Ep b Lager, Webb [6] | Sandstone fluid—>Replacement of non-complex cations with organic-metal complexes or
ion-Exchange
& organic-base materials adsorbed on the clay surface— desorption of polar materi-
als and change in wettability
Decreasing water salinity— Reduction of divalent cations that cause the adsorp-
. tion of organic matter in the double layer— Increasing the absolute value of zeta
Electric Double | . Sandstone  and L K .
Ligthelm [7] potential in two levels of rock-water and water-oil — Expansion of the double
Layer Carbonate . . i .
electric layer— Increasing repulsive force between the negative surface of clay
and oil polar materials — Removal of polar materials
Low salinity water injection— Formation of hydroxyl ions (OH") due to dissolu-
. tion of native minerals— pH is increased— in-situ generation of Surfactant and
Alkaline Flood- . . . . . . .
o Behavi McGuire [ 8] Sandstone foam from acids that is presented in crude oil —Reduction of surface tension
ing Behavior
¢ between oil and water — Reservoir rock will be stronger water-wet —Increase in
oil recovery factor
Reduction of PDIs (Ca'?, Mg", SO,?) concentration in injected water— Chang-
Rock Dissolu-| ing the equilibrium condition —Dissolution of PDIs in source rock minerals
. Hiorth [9] Carbonate . . .
tion —Release of adsorbed polar components accompanies the dissolved minerals —
Reservoir rock will be stronger water-wet —Improve oil recovery
Seawater injection —Increase ion concentration —Absorption on carbonate rock
. surface and decrease positive charge on rock surface —Increase in concentration
Surface ion-Ex- . . . . .
b Zhang [10] Carbonate of Ca*? and Mg™ ions near rock surface —Reaction of divalent cations with polar
change
¢ compound in oil and formation of complexes with these ions —removal of Car-
boxylic materials from the rock surface
. . . . Interaction between brine and oil — Formation of microdispersion of water in oil
Micro-Disper- | Emadi, Sohrabi | Sandstone and . L . K i .
. — Adsorption of polar component in oil by these microdispersion — desorption
sion [11] Carbonate .
of oil from the rock surface
Clay particles act like membranes in the pore throats — Osmotic pressure between
Osmotic Pressur | Sandengen [12] | Sandstone the low salinity injected water and the formation water will expell the remaining
oil inside the pores
. Decreasing the salinity of injected water from a certain amount —Increasing the
L Austad, Rezaei- | Sandstone and . . . . .
Salting-in Effect solubility of organic compounds in water — desorption of some organic matter
doust [5] Carbonate .
that is weakly attached to the clay surface
. . Decreasing water salinity — Increasing oil droplet area and elasticity proprtiy
Viscoelasticity Sandstone and - i K . L .
Alvarado [13] between oil and water interface — Increasing oil phase continuity during water
Property Carbonate

injection— Increasing oil recovery factor

Field Application Study

In recent years, low-salinity water flooding has
been considered as an efficient,
environmentally friendly method for

low-cost and
increasing

experiments on low-salinity water injection in different
reservoirs, including sandstone and carbonate.The
main results for each case are briefly mentioned.

oil revovery in reservoirs. Table 2, introduces field
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Table 2 Summary of field experiments of low-sal water flooding in sandstone and carbonate reservoirs

Researcher Field Name and Properties T(°C) Forn?atlon water | Inj ?C.t ed brine Benefits
salinity (ppm) salinity (ppm)
Sandstone Reservoirs
o .
Alaska North Slope Prudhoe Bay 66 23000 3000 8%, reduct}on
McGuire [8] field, Oil Viscosity: 0.8 cP, Endicott | 103 23000 3000 4%, reduction
Fielci Clav: 7% ¥y o ’ 103 7000 2200 4% S reduction
¥ 99 28000 1500 9% S, reduction
g‘:‘?‘;ff/Fleld 28000 1500 9% S, reduction
Seccombe [ 14] Cla? 1 22/ 99 28000 10 11% S reduction
. 0 0, .
Clay: 14% 28000 180 17% S, reduction
Lager [6] Alaskan Oil Field 2008 16640 2600 2% S, reduction
Minnelusa field, Oil Viscosity: 15.2
cP 62 60000 10000 27.5% S, reduction
Robertson [15] West Semlek (WS) 60 42000 3304 32.5% S reduction
North Semlek (NS) 93 128000 7948 31.5% S reduction
Moran (M)
ﬁ"z]nage’ Thyne | wyoming Minnelusa fields 6875  [1134-261982 | 300-600 no significant benefit
Giant Middle Eastern clastic, Clay: o .
Webb [17] <5%, Oil Viscosity: 0.46-50 cP 77 220000 3000 25-50% S reduction
Omar Oil Field (Isba), Clay: 0.5-4%, o) -
Vledder [ 18] Oil Viscosity: 0.3 cP 90000 500 10-15% incremental recovery
. Snorre field, (Upper Statfjord forma- —
Skrettingland [19] tion), Clay: 10-20% 90 34020 440 No significant benefit
Abdulla [20] Burgan Oil field 140000 5000 3% S,, reduction
Al-Qattan [21] Burgan Oil field, (Wara formation) 54-57 148000 692 3% S, reduction
West African Oil Field, Oil Viscosity: No significant benefit Due to
Callegaro [22] 0.6 cP 88 27000-87000 200 the low clay content and low
cgaro North African Brown Field, Oil Vis- | 76 39000 1000 Sor
cosity: 68 cP 5to 11 % S reduction
- . Bastrykskoye 310459 1950 No significant benefit
Zeinijahromi [23] Zichebashsk 25 No sienifi benefi
ichebashskoe 148529 348 o significant benefit
Akhmetgareev [24] | Pervomaiskoye, Oil Viscosity: 5.8 cP | - 252738 848 5-9% incremental recovery
Carbonate Reservoirs
Austad [10] Ekofisk reservoir, North Sea 130 68050 33498 34% incrematal recovery
increase in oil production,
Griffin [25] Valhall field, North Sea 90 - decrease in GOR and reduced
water cut
Saudi Arabia Upper Jurassic, Oil Vis- 37670 3767 7% S_ reduction
Yousef [26] itv: 0.691 cP 100 6% Sm ducti
cosity: 8.71 ¢ 57670 28835-5767 | °7° Do feCuction

Screening Criteria for Smart Water Flooding

The key parameters in smart water injection that im-
proves oil recovery in sandstone and carbonate res-
ervoirs, are the injection brine composition and ionic
strength, connate water composition and saturation,
rock type, clay content and type of clays present in the
rock material, reservoir temperature, initial wettability

of reservoir rock, crude oil composition and its acid/
base number and experiments conditions such as aging
procedure and injection flowrate. Based on litereture,
several factors should be considered befor smart water
injection. A preliminary screening criterions are pro-
posed in Table 3.



Table 3 Screening Criteria for Smart Water Injection Method.
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Formation Type Variable Favorable
EOR mode Secondary
Sandstone and Carbonate Original Wettability Strongly Oil-Wet

Oil composition

Containing Polar Materials

Presence of Clay in Rock Yes

Connate Water Contain of Bivalent lons
Sandstone Initial pH of formation water pH<6

Salinity of Injected Water 1000-5000 ppm

Amount of Clay in Rock High

Presence of PDIs in injected water Yes

Reservoir Temperature More than 90 °C
Carbonate

Presence of Na , Cl Ions Low

Presence of Anhydrate in Rock

Yes (Low-Sal injection)

Preliminary Feasibility Study of Low-Salinity Wa-
ter Injection in Bangestan Carbonate Reservoirs
The average oil recovery factor of Bangestan
formation in Iran is about 10%. Mostly, the rock of
these reservoirs is oil-wet and the average permeability
in these reservoirs is less than 1 mD. The amount of
dolomite and anhydride in these reservoirs is very low.
The depth of Bangestan carbonate reservoirs is 2100
to 4550 m below sea level and the thickness of the
reservoir rock is 300 to 1200 m. The temperature of
most of these reservoirs is higher than 90 oC. Many
wells in Bangestan reservoirs face the problem of
asphaltene deposition, which indicates the presence of
polar materials in the oil of these reservoirs.

Fazel Nasab et al. [27] performed spontaneous
imbibition experiments to investigate the injection
of low-salinity water into a carbonate reservoir in the
southwest of the Iran. The core plugs were mainly
calcium carbonate and in some of them, dolomite,
anhydride and clay were observed. The asphaltene
content of oil was 4.1%. However, the acid-number
was 0.08, which is very low. Experiments were
performed at reservoir temperature (120 °C). The
results of spontaneous imbibition experiments showed
that the oil recovery factor due to the injection of
Persian Gulf water and 10 times diluted Persian Gulf
water will increase up to a maximum of 12% (Figure

0.

70

60

50

40

30

Oil RF (%)

10dswW

0 50 100

150 200 250

time (day)

Fig. 1 oil recovery factor due to the Persian Gulf water and 10 times diluted Persian Gulf water injection [27]

Mokhtari and Ayatollahi [28] performed various
experiments to investigate the injection of low-salinity
water in one of the carbonate reservoirs in southwestern
of the Iran. The core plugs used were mainly calcium
carbonate, in some of which dolomite, clay and
anhydride were observed. Oil asphaltene content was
0.6% and oil acid-number was 0.14. Experiments were
performed at reservoir temperature (130 °C). The

results of spontaneous imbibition experiments showed
that changing the salinity of injected water would
significantly increase the oil recovery factor. So that the
oil recovery factor for the formation water was about
16% and for the Persian Gulf water was 50%. Also, with
the decrease salinity of the Persian Gulf water, the oil
recovery coefficient was increased to 61% (Figure 2).
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Fig. 2 Oil recovery factorfor various water salinities in spontaneous imbibition experiments [28].

Conclusions

1. Several mechanisms are effective in increasing oil
recovery through injection of smart water and low
salinity water. However, the main mechanism of this
method is to change the wettability from oil-wet to
water-wet. It should be noted that due to complex
chemical and physical reactions, it is difficult to
predict the performance of reservoirs under smart
water injection.

2. Due to smart water injection, an increase in recovery
factor of up to 30% on laboratory scale and a reduction
ofresidual oil between 2 to 50% in field scale compared
to conventional water injection has been observed.

3. In order to use smart water as a technology to
increase oil recovery, the interaction between rock, oil
and water and the mechanisms affecting the injection
of smart water must be well studied by performing the
relevant experiments.

4. According to laboratory studies, the most important
parameters affecting the injection of smart water
and low salinity water in reservoirs include ionic
composition and salinity of the formation water,
ionic composition and salinity of injected water, rock
material, reservoir temperature and oil composition.

5. Prerequisites for successful injection of smart water
into carbonate rocks are high reservoir temperatures,
the presence of PDIs in the injected water, mixed
wettability of the rock, and the presence of polar
materials in the oil. Also, the presence of anhydride
in the carbonate rock is necessary for the successful
injection of low-salinity water.

6. Prerequisites for successful injection of low-salinity
water in sandstones include salinity of injected water
less than 5000 ppm, mixed wettability of the rock, the
presence of clay in the rock and the presence of polar
materials in the oil.

7. Iran's carbonate reservoirs are suitable candidates for
smart water injection due to temperature, wettability,
pH and the presence of polar materials in the oil. Also,
the presence of anhydride and clay in these reservoirs
increases the chances of successful injection of low-
salinity water.

8. Studies shows that injection of Persian Gulf water
in one of the carbonate reservoirs has led to a 12%

increase in oil recovery factor. Also, the injection of
Persian Gulf water in the mode of secondary injection
has led to a 34% increase in oil recovery.
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