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“Smart Water” Flooding in Carbonates and Sandstones:
A New Chemical Understanding of the EOR potential

3aBogHeHMe NecY4aHMKOB U KapboHaToOB C NpUMeHeHuemM BoAbl
moanduumnpoBaHHOro MOHHOro coctaBa («Smart Water»):
HoBoe noHUMaHUue BAUAHUU XUMUYECKUX NPOLLeCcCOB Ha NOBbILLEeHUe
HedTeoTaAaUMN NNACTOB

Tor Austad

(tor.austad@uis.no)
University of Stavanger, Norway
Top AycTtagr,
yHusepcuteT r. CtaBaHrep (Hopserus)



Example: “Smart Water” in Chalk
NMpumep npumeHeHUN «VMHOﬁ BOAbl» B NOPOoAaX MeN0oBOro CoCtaBd

Spontaneous imbibition: T...=90 °C; Crude oil AN=0.5; S ,,=10%; Chalk: 1-2 mD
CamonpoussosnbHoe nponumeigaHue: T,,.= 90°C; Hepmob AN = 0.5; S, = 10%; men 1-2 m/j
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0% < T T
0 10 20 30 40 50 60
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eFormation water: VB - ni1acmosas 8oda

eSeawater: SW - mopckasa soda

*Seawater depleted in NaCl — mopckas soda ¢ noHuxceHHbim cod. NaCl

*Seawater depleted in NaCl and spiked with 4x sulfate - mopckas eoda ¢ noHuMceHHbIM
co0. NaCl, oboeaweHHas 4-8aa1eHMHbIM Cynbam-uoHOM



Example: "Smart Water” in Limestone

NMpumep HarHeTaHMA KYMHOM BOAbI» B N3BECTHAKMU

60
o %0 ?
S
o 40
o | bt
g % e
3] :
o
L 20
sy
Q {
3 5
§ 10 ——— - SEFW @ 130C—
o [ --SI- SW @ 130C
0 1- |
0 10 20 30 40
Time, Days

Spontaneous imbibition at 130°C of FW and SW into Res# 4-12
using crude oil with AN = 0.50 mgKOH/g. Low perm. 0.1-1 mD.

Camonpou3esonbHoe nponumesigaHue npu 130°C naacmosol u
mopcKoli sodoli npu Res. No 4-12 u npu Hegbmu ¢ AN = 0.50 maKOH/e.
Hu3skaa npoHuyaemocms 0,1-1 m/.



Example: “Smart Water” in Sandstone

NMpumep HarHeTaHUA KYMHOMW BOAbI» B NeCYaAHUKU

Low Salinity EOR effect under forced displacement
[MosbiweHuUe Heghmeomaoa4u npu 8bimecHeHUU Heghmu 8000l € HU3KOU MuHepanu3ayuel
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PV Injection ° ° 10
HS 100 000 ppm (mr/n) LS 750 ppm (mr/n)
Bbic. muHepan. 100 000 mr/n HusKk. muHepan. 750 mr/n



What is “Smart Water”?

Y10 TaKOe «ymHaAa Boaa»?

“Smart water” can improve wetting properties of oil reservoirs and optimize fluid
flow/oil recovery in porous medium during production.

«YMHasa 800a» ygenu4yusaem 2Uuo0pogunbHOCMb HEGPMAHO20 KOAAEKMOopPa U o0 UMmMenbHo
gsiuAem Ha unempayuro 8 nopucmol cpede, Yem nossiwiaem Hechmeomaoayy 8 npouyecce 0obbIYU

“Smart water” can be made by modifying the ion composition.
«YMHas eo0a» nonyyaemca nymem mMoougpuKayuu UOHHO20 cOCMasa 800bI
— No expensive chemicals are added

— He TpebyeTca 4OPOrocToALMX XMMpPeareHToB
— Environmental friendly.
- JKonornyecku 6esonacHo
Wetting condition dictates:
MApodUNbLHOCTL ONpeaenser:
— Capillary pressure curve; P_=f(S,,)
— Kpwusble kanunnapHoro gasnenua P =f(S,,)
— Relative permeability; k., and k., = f(Sw)
— OrtHocuTenbHyto NnpoHnuaemoctu Knp,, v Knp,,, = f(Sw)



Water flooding

3aBoAHeHUe NAacToB

Water flooding of oil reservoirs has been performed for a century with the purpose of:

3a800HeHUEe HepMAHbIX NAACMO8 NpUMeHAemcs yxce Ha npomsaxceHuu 100 nem co caedyrouwumu
uenamu:

Pressure support

nna

Oil displacement
BbiTecHeHus HECI)TVI M3 NnacTa

Question:

Bonpoc

Do we know the secret of water flooding of oil reservoirs?

MN3BecTeH n Ham CeKpeT 3aBoAHEHUNA Hed)TFIHbIX naacros?

If YES, then we must be able to explain why a “Smart Water” sometimes increases oil recovery
and sometimes not.

Ecnhm «ga», TO Mbl AONXKHbI Ha3BaTb MPUYMHY, NOYEMy BOAa C MOANDULMPOBAHHLIM MOHHbBIM COCTaBOM MHOTAA
nogHUMmaeT HedTeoTaauy, a MHOrAa — HeT.

If we know the chemical mechanism, then the injected water can be optimized for oil recovery

Ecnm Ham nM3BeCcTeH XMMUYECKUN MmexaHn3im, TO MOXXHO ONTUMN3NPOBATL COCTaB HarHeTaemom BOoAbl ANA
nosbileHNA HE(I)TE‘OT,CI,aLlM

Injection of the “Smartest” water should be done from day 1.
HarHeTaHune «yMHOVI BOoAbl» ONTUMU3NPOBAHHOIO MOHHOIO COCTaBa AO0J/IXXKHO BECTUCL C NePBOro AHA pa3pa60TKM.



Outline
NMnaH

Discuss the conditions for observing EOR effects of
Smart Water in

ObcyauTb yCN0BMA NOBbIWEHMNA HEPTEOTAAUM NPUN NPUMEHEHUN KYMHOWM
BOAbI»

— Carbonates /B kapboHaTax
— Sandstones / B necyaHuKax
A very simplified chemical explanation

[1aTb CU/IbHO YNpoLeHHOoe XMMmmnyeckoe obbsicCHeHuMe




Wetting properties in carbonates

lmapodpunnabHOCTbL KapboHaToB

Carboxylic acids, R-COOH
KapbokcunbHbie kuciomel R-COOH
— AN (mgKOH/g) (MrKOH/r)

Bases (minor importance)
OcHosaHusA (ux 3HayeHUe emopocmerneHHo)
— BN (mgKOH/g) (mrKOH/r)

Charge on interfaces
3apsadel Ha nosepxHOocMu pa3oena
— Oil-Water / HedTb-BOAA
e R-COO-
— Water-Rock / Boga-nopoaa

* Potential determining ions /
NOoTEHUMAN ONpeaenaeTca MOHaMM

— Ca2+’ Mg2+,
- (5042-1 C032_; pH)




Ekofisk

MectopoxXaeHne IKoPUCK

Why is injection of seawater has such a tremendous success in the Ekofisk field?

Mouemy 3aKauKa MOpPCKOI BOAbI AAaeT TAaKOM OFPOMHbI NONOXKUTENbHbIA 3PPEKT Ha MeCTOPOXKAEHUU IKOPUCK?
— Highly fractured
— NMnacTtbl UMeIOT BbICOKYIO TPELLMHOBATOCTb 400
— High temperature, 130°C
— Bbicokasa tTemnepartypa 130°C
— Low matrix permeability, 1-2 mD
—  HwusKaa npoHuuaemoctb matpuubl nopoabl, 1-2 m/,

Wettability

CmaumBaemocTtb
—  Tor formation: Preferential water-wet
—  ®opmauma Top - npenmyLLecTBeHHO rngpodunbHan
—  Lower Ekofisk: Low water-wetness 0

OIL RATE, MSTBD (GROSS)

NI HT & 3833 I 3 I K
—  ®dopmaumna HUXKHUI DKOPUCK - C HUSKOU TMAPOPUNBHOCTBO . & & & & & & © & & © © © o O
— — — — - - — N N N N N N N N

— Upper Ekofisk: Neutral to oil-wet

—  ®opmauuna BepxHuii Ikodpuck - HelTpanbHaa ao rmapodpobHoit
Estimated recoveries
PacuetHasa HedTeoThauUA

— 1976: 18%

— 2001: Goal / uenb 46%0

— NPD; 2002:50%0
— 2007: Goal /fuenb 55 %0



Brine composition
CpaBHEHMe UMOHHOIO COCTaBa nnaCTOBOVI nu MOpCKOVI BOAbl

Comp./VOHbI Ekofisk/m-Hue dkodpuck Seawater/mopcKas Boga
(mole/l - monb/n) (mole/l - monb/n)
Na* 0.685 0.450
K* 0 0.010
Mg2* 0.025 0.045
CaZ* 0.231 0.013
Cl- 1.197 0.528
HCO; 0 0.002
S0, 0 0.024

Seawater/mopckas soga: [SO,%]~2 [Ca?*] and/u [Mg?*]™~ 2 [SO,?]
[Mg*]~4 [Ca**]



Effect of Sulfate in SW

Ponb npucytcrBusa cynbdart-uoHa B MOPCKOU Boae

eCrude oil: AN=2.0 mgKOH/g

e Hegpmob AN = 2.0 meKOH/2

e|nitial brine: EF-water

e [lepsoHa4abHbIU cocmas naacmosoli 800bl
eImbibing fluid: Modified SSW

e[Iponumeisarow,uti ¢ps110U0 — MOOUGPUUUPOBAHHAA MOPCKAA 80040
eSpontaneous imbibition at 100°C

eCamornpou3ssosnbHoe nponumeieaHue rpu 100°C

60
I RIS
—

&40 | / -/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o ) -0-SW4S at 100°C
Q / SW3S at 100°C
530 1 / ****************************************************************************** 5¢SW2Sat 100°C
< r -+SW at 100°C
920 |- / 77777777777777777777777777777777777777777777777777777777777777777777777777777777777777 = SW%S at 100°C
< | — +-SW0Sat100°C
810 | / A —————

0 ‘ ‘ ‘ ‘

0 10 20 30 40

Time, days 12



Is Ca?* active in the wettability alteration?

Ponb noHa Ca2* B U3aMeHeHUn CMauyMBaeMocCTu

e Crude oil AN = 0.55 mgKOH/g

e Hegpmo AN = 0.55 mecKOH/2

e S, =0; Imbibing fluid: Modified SSW

e S, =0; nponumeisarowuli patouo - MoOUPUYUPOBAHHAA MOPCKAA 8000
e Spontaneous imbibition at 70°C

e Camornpou3sosibHoe nponumeigaHue rpu 70°C

O N

o e S U
a
S
L L e = o e
>
L e Y i e N
3 -m-SW4Ca at 70°C
(8]
D20 gl T SW3Ca-at 702C-—--mo-
3 -+-SW at 70°C

O SESWECaat 70°C

-8-SW0Caat 70°C
0 I I I I I I
0 10 20 30 40 50 60

Time, days 13



Co-Adsorption of SOéz' and Ca?*vs. Temperature

3aBUCMMOCTb cOBMeCTHOM agcopbumumn SO,* and Ca?* ot Temneparypbl

1.00 7
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0.50 -
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0.00 -

0.5

0.0

| —o—CICo SCNFL#T-3at T0°C A=0.297
—e— CICo SO4 FL#7-3 at 70°C

- —5—C/Co SCNFL#7-4at 100°C  A=0.402
—=— C/Co SO4 FL#7-4 at 100°C

| —>—C/Co SCN FL#7-5 at 130°C A=0.547*(Extrapolert

FL#7-1 SSW-Mat 21°C A=0.174
p~< C/Co SO4 FL#7-1 SSW-Mat 21°C
—#&— C/Co SCN FL#7-2 SSW-Mat 40°C  A=0.199

—&— C/Co SO4 FL#7-2 SSW-Mat 40°C

| 2.6PV) | !
—¥— CICo S04 FL#7-5 at 130°C
1.6 1.8 2.0 2.2
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fh El:‘&'/\ . NN
_ vy © ©
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—-& dE@( ' o~ 5%/ P -
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\ ! / e
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Qs. _ z:@% 7 —O -CICo Ca2+ Test #7/1 SW at 23°C
W, ‘Q:%-ﬁ
== —< -C/Co Ca2+ Test #7/2 SW at 40°C
—/x -C/Co Ca2+ Test #7/3 SW at 70°C
—{3 -C/Co Ca2+ Test #7/4 SW at 100°C
—X -C/Co Ca2+ Test #7/5 SW at 130°C
| |
0.5 1.0 1.5 2.0 2.5 PV

Method:

Metoa

Core saturated with SW

without SO,%
KEpH, HacwilLieHHBIVI MOPCKOU
Bogovi 6e3 SO/

Core flooded with SW spiked

with SCN- (Chromatographic

separation of SCN- and SO,%)
KEpH, HacwillieHHBIVI MOPCKOU
Bogovi ¢ SCN
(Xpomarorpaguyeckoe
pazgeneHmne SCN- u SOF-)

14



C/Co

Affinities of Ca?* and Mg2* towards the chalk surface
Cpoacteo noHos Ca%* u Mg2* K noBepXHOCTU mena

Pacteop NaCl; [SCN-] = [Ca?*] = [Mg?*] = 0.013 mole/l (monb/n)

T=23°C T=130°C

2.00

. < i I & I i ;
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. I | | | | 175 > o
3 5 ‘ 3 i J
y
075 / , 150 :
/i /’
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1 ‘ | at 130°C
025 A . 050 I
I —e— C/Co Mg2+ (Brine with Mg2+ and
Z Z / f s Ca2+) at 130°C
0.25 )
1 y —=— C/Co Ca2+ (Brine with Mg2+ and
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0.00 y yeve 0.00 ; ; i i
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CaCoO,(s) + Mg?* = MgCO4(s) + Ca?*



Effects of potential determining ions and temperature on

spontaneous imbibition

BanaHUE MOHOB, POPMUPYIOLLUX NOTEHLMAN, U TEMMNEPATYPbI Ha
camonpounssosibHoe nponnutbiBaHune

Imbibition at 70 & 100°C (with/without Ca & Mg)
—— 25:SWx0CaMg(+Mg@43days)
—— 26:SWx0Sx0CaMg(+Mg@ 53 days) |
—k— 27:SWx2Sx0CaMg(+Ca@43 days) :
1 —®—28:SWx4Sx0CaMg(+Mg@53 days)

(o))
o
|

70°C

Recovery, %O0IIP
AN
o

N
o
|

100°C : 130°C
I

0 20 40 60 80 100 120
Time, days



Suggested wettability mechanism
I'Ipep.nonaraeMblﬁ MEeXdHU3IM CMaInNBaAEeMOCTU

17



Can SO,* compensate for low T, .?

Mosker 2in SO, KomneHcMpoBaTb HU3Ky T, ?

70

0100°C (Oil A, AN=2.07)
60 A

B 130°C (Oil A, AN=2.07)

50

oil recovery (%OO0IP)

40

30

20 A

10 A

SSW-US SSW-%S SSW SSWx2S SSWx4S
Imbibing fluids

Maximum oil recovery from chalk cores when different imbibing fluids were
used (SW with varying SO,% conc., oil: AN = 2.07 mgKOH/g).

MaKcumanbHas Hegpmeomaoaya, rnosnyYeHHAs Ha KepHe Mesno8020 cocmasa rnpu
UCrosab308aHUU PA3/UYHbLIX NPONUMBbIBAOWUX (aoUO08 (MOPCKAA 8000 C PA3/AUYHbLIM

18
cooepxcaHuem SO, %, Hegpmb AN = 2.07 meKOH/2).



lon composition in PW from Ekofisk
MOHHDbIU cOCTaB 3aKauymBaemoun Boabl HA M-HUU DKOPUCK
PW contained 73.6 vol% SW and 26.4 vol%FW

Boda cocmoum u3 73,6% 06. mopckol 800bi u 26,4% 06. naacmosol 800bI

0.06

0.05 @ (PW)calc*
B (PW)exp

0.04

0.03

Concentration (mole/l)

0.01

: , |

Ca2+ Mg2+ S042-

Component

Fig. 3 Calculated and measured component concentration in
PW linked to substitution of Ca®* by Mg** at the rock surface,
adsorption of SO,% onto the rock and precipitation of CaSO..
PasHuua pacueTHOro n pakTMYeCKoro MOHHOro coctasa Bogbl ana MMM cea3aHa ¢ 3ameweHmnem CaZ* nvoHom Mg?*
Ha NOBepXHOCTU NopoAbl, agcopbumeil nopoaoit noHa SO, u BbinageHuem B ocagok CasSo,.

19



Can modified SW be an even “Smarter” EOR-fluid

MoxeTt i moandunumMpoBaHHaA MOPCKaA BoAa bbiTb «CambiM YMHbIM» GHOUAOM
ANa yBenuvyeHuma Hedreotaaum

Spontaneous imbibition: T,_.=90 °C; Crude oil AN=0.5; S,,=10%
CamonpownssonbHoe nponutbiBaHue npu T,..= 90°C; HedTb AN = 0.5; S, = 10%

60% PSS
—_ /
o, o -~SWO0ONaCl-4S0
's) J -
o Jeg . __——— =-SWONaCl
?“3 40% - ’! B , o o _.SW
i - - | e — L
g [+ e ~-VB
© |
[y [/ P
= &
c20% pp0
o / = e e o
o N
O o
@ -

=
OO/O 17 T T
0 10 20 30 40 50 60

Time (days)

*Formation water: VB — nnactoBas Boaa

*Seawater: SW mopckasa Boga

*Seawater depleted in NaCl — mopckaa Boga ¢ NnOHUKeHHbIM cogeprkaHmem NaCl
*Seawater depleted in NaCl and spiked with 4x sulfate — mopcKkaa Boga c NOHUKEHHbIM
cogeprkaHnem NaCl n oboraweHHasa 4-BaNeHTHbIM Cy/ibdaT-MOHOM



Effect of Salinity and lon concentration
BanaHue muHepanmsaumm soabl U KOHUEHTPAaUMUUN MOHOB

TTTTTIIITT7 T T 7777

The access of potential determining ions to the calcite surface

is affected by the concentration of non active ions in the double layer.
Zocmyn uoHos, hopmupyrouwux MOMeHYUas, K No8epxHOCMuU Kaablyuma OC/0HHAemcs
nosbiWeHHOU KOHYyeHmpauyuel HeaKmuBHbIX UOHO8 8 080UHOM Crloe.
21



Forced displacement using “Smart” SW
BbiTecHeHuUue HE(I)TVI cC ucnoanbsosaHmem «VMHOﬁ» MOpCKOVI BOAbl

40

.
;

Recovery, % OOIP
N
(e}

10 ' 5 oFW-0s
i -+SW
5 ~-SW-ONaCl
0 ’ ’
0 3 6 9 12 15

Injected PV

Oil recovery by forced displacement from the composite limestone reservoir core.
Successive injection of FW, SW and SW-ONaCl. T,.,: 100°C. Injection rate: 0.01 ml/min (=0.6
PV/D).

UccnedosaHue HeghmeomaAayu npu ebimecHeHUU Hehmu u3 06pa3ya KepHa, npedcmasnaoule2o

C/I0IHbIU U3BECMHAKOBbIU KOM1ekmop. 3aKa4YKa naacmogoli 800bl, MOPCKOU 800bl U MOPCKOU 800blI
6e3 NaCl. T,,, = 100°C. Ckopocms 3akayku = 0,01 ma/muH (=0,6 PV/cym.). 22



Low-salinity EOR effects in carbonates
BanaHue HU3KOMU MUuHepaindaumumm Boabl Ha nNnoBbilleHue
HEd)TEOTﬂ,a‘-IM Kap60HaTHbIX KOINNIEKTOPOB

100 20
Seawater

90 - Total Salinity

—

Q

O 57,600 ppm

O 80 - -

=] -

X 2o \ 9% 16% 0% 15 £

E. 7% Incremental Incremental Incremental o

g 60 Incremental Oil Recovery | Qil Recovery | Oil Recovery 8

8 Oil Recovery o g
imes 20 Times 100 Times ©

& 50 Twice Dilute Dilute Dilute Dilute 10 ('

— Seawater Seawater Seawater Seawater c

@) 40 Total Salinity : Total Salinity : | Total Salinity : | Total Salinity : 9

pd 28,800 ppm 5,760 ppm 2,880 ppm 576 ppm bzt

= 30 2

S S £

g

=

&

e

0 I . . . 0

0 10 20 30 40 50
Cumulative Water Injected (No. Composite Core Pore Volume)

SPE 137634 Ali A. Yousef et al. (Saudi Aramco)
Mo maTtepuanam A. KOceda («ApamKo»), SPE 137634



Codition for observing low-salinity EOR effects in carbonates
Ycnosua BAMAHUA HM3KOﬁ MUuHepain3aumm oAbl Ha NnoBbllLUeHUue
Hecheomaqu KaDGOHaTHbIX KONINTEKTOPOB

e The carbonate rock must contain anhydrite, CaSO,(s)
* KapboHamHble nopodbl 0oaxcHbI codepicame aHaudpum (CaSO,)
e Chemical equilibrium:
*  XumuyecKoe ypasHeHue

CaSO,(s) ¢> Ca%(aq) + SO, (aq)& ad) + SO,%(ad)
e The concentration of SO,*(aq) depends on:

* CodepxaHue SO, % 3a8ucum om
— Temperature (decreases as T increases) — Temnepatypbl (Nagaet npu nogbeme T)
— Brine salinity (Ca?* concentration) — muHepanusauuu Boabl (KoHUeHTpauun Ca’*)

e Wettability alteration process:
e  dakmopsl usmeHeHUA cmavyusaemocmu

— Temperature (increases as T increases) — TemnepaTypa (nagaet npu noabHme T)
— Salinity (increases as NaCl conc. decreases) — mnHepanusauua (nosblwaetca npu cHuKkeHmum NacCl)

e Optimal temperature window

e  OnmumasbHbIU memnepamypHbili UHMepasan
— 90-110°C?

24



Presence of CaSO,
Npucyrcremne CaSO, -

1000.0
=
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= iA A , A &
| aa 4 Dip’ p i
| A 4
0.1 | ‘ S "
0 10 20 30 40 50 60
Injected PV

Concentration profiles of Ca?*, Mg?*, and SO,?" when flooding reservoir limestone core with
DI water, after aging with FW. T,_,: 100°C, Injection rate: 0.1 ml/min.

lMpogpune usmeHeHus KoHuyeHmpayuu Ca%*, Mg?* u SO,* npu HaeHemaHuu 800bI DI 8 KepH

U3 U3B8ECMHAKOB020 KO//1eKmopa, npedsapumesnbHO 8blI0EPHAHHbLIU 8 raacmosol soole.
T

+0s=100°C, ckopocme HaecHemaHuA 0,1 ma/MuH. 25



Low-salinity EOR effect

BanaHue HN3KOU MMHEpPaamM3aumm Boabl Ha NOBbILLIEHNEe

HedTeoTAauUM
60 20
18 --FW-0S

50 s i -=-10xdil. FW-0S
o —— £ & A-100x dil. FW-0S
8 40 g 14
\ 22% of 00IP E 12
> 30 S 10
g e
3 20 / 8 8
(8]
) g °

5 4
10 oFW-0S 100 dil. FW-0S a ,
0 i i ; 0
0 3 6 9 12 15 18 21 24 0 50 100 150

Injected PV
Oil recovery by forced displacement from a
reservoir limestone core containing anhydrite.
Successive injection of FW, and 100x diluted FW.
Test: 100°C. Injection rate: 0.01 ml/min (=1 PV/D).
BbimecHeHue Heghmu u3 Nopoo-KonneKmopos,
npeocmassieHHbIX U36eCMHAKAMU C AH2UOPUMOM.

YcnewHas 3aKa4yKa naacmoaeoli 800blI u pa3baeneHHoli

6 100 pa3 nnacmoseoli 800bsl. T,,,~100°C. CKopocmb

3akayku 0,01 ma/muH (=1 PV/cym).

Temperature, °C

Simulated dissolution of CaSO,(s) when exposed to
FW-0S, 10x and 100x diluted FW at different
temperatures.

Moodenb pacmeopeHus CaSO,(s) npu KOHMakme ¢
naacmoeoli 8000i-0S, 10x u 100x KpamHoe
pa3baeneHue naacmoeoli 600bI NPU PA3AUYHbIX
memnepamypax.



“Smart Water” in Sandstone
«YMHaAa BOAd» B NeC4HaHbIX KONNEKTOPax

Some experimental facts

HEKOmOpble pe3ysbmamesl Oribimoe
— Porous medium

— [lopucmas cpeda
e Clay must be present
e /JlonxHa npucymcmeosamso 2/uHa
— Crude oil
— Hegpmo
e Must contain polar components (acids and/or bases)
o [lonxHa codepxramb Pa3HOPOOHbIE KOMIOHEeHMbI (Kucaomel u/unu oCHOBAHUSA)
— Formation water

— [lnacmosas soda
* Must contain active ions towards the clay (Especially divalent ions like Ca?* and Mg?*)

o JlonxHa coo0eprames AKMUBHbIe UOHbI, 83aumoodelicmsyrouue ¢ 2AUHamMuU
(ocobeHHO 08yx8asneHMHbIe UOHbI, makue Kak Ca?* u Mg?*)



General information
O6Liue ceeaeHUA
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Adsorption onto clay
Abcopbumna Ha NOBEPXHOCTU IMUH
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Recovery Factor (% OIIP)

Local increase in pH important

Ba)XHYI0 po/sib UrpaeT mectHoe nosbiweHue pH

NacCl CaC|2 .2H>0 KCI MgC'Z .2H>0
(mole/l) (mole /) (mole /1) (mole /)
Connate Brine 1.54 0.09 0.0 0.0
Low Salinity Brine-1 0.0171 0.0 0.0 0.0
Low Salinity Brine-2 0.0034 0.0046 0.0 0.0
Low Salinity Brine-3 0.0 0.0 0.0171 0.0
Low Salinity Brine-4 0.0034 0.0 0.0 0.0046
60 - ; _ 10
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Suggested mechanism
NMpeanonaraembiit mexaHU3m

Initial situation Low salinity flooding Final situation
] ]
H 2+
X X ' Ca
: deda: ¢
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Clay Clay

Proposed mechanism for low salinity EOR effects.
Upper: Desorption of basic material. Lower: Desorption of acidic material.
The initial pH at reservoir conditions may be in the range of 6.

Mpeanonaraembit MeXaHM3M BAUAHUA HU3KO MUHepannsauum Ha HedpTeoTaauy.
Beepxy: flecopbuna ocHoBaHui. BHu3y: lecopbuma Kucnor.
HauanbHbiii ypoBeHb pH B N1acTOBbIX YC1I0BUAX OKOAO 6.



Clay minerals
[NMMHUCTbIE MUHepanbl

e Clays are chemically unique

* [AIUHbI UMEerMm VYHUKAsIbHblIEe XUmMu4YyecKue ceolicmaa
— Permanent localised negative charges
— Umerom nocmosHHbIe 10KAs1U308AHHbIe ompuuameribHeole 3Gpﬂ0bl

— Act as cation exchangers

— Bedym cebsa Kak KamuoHoobMmeHHbIe cpeodbl

e General order of affinity:

e Obwul pAao yposHel cpoocmea
Li* < Na* < K*< Mg?* < Ca?* << H*
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Adsorption of basic material. Quinoline
Aacopbumnsa ocHoBaHUU. XMHONUH

Burgos et al. — no byproc

6 ===z . .
ST (a) KGa-2 n ap. Evir. Eng. Sci., 19,
51 % 1 0 0.4 mM CaCl, (2002) 59-68.
\
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Kaolinite: Adsorption reversibility by pH

KaonauH: Obpatmmoctb aacopbuuu npm uasmeHeHmu pH

Quinoline - xMHONUH
Samples 1 - 6: 1000 ppm brine — lMpobbi 1-6: KoHUeHMpayusa pacmeopa 1000 mz/n
Samples 7 - 12: 25000 ppm brine — lMpobbi 7-12: KoHUeHmMpayua pacmeopa 25 000 mz/n

6,00 # Adsorption pH 5
B Desorption pH 8-9
5,00 - .
A Readsorption pH 5.5

=) D 4 X Desorption pH 2.5
S 4,00 - L 2N
E B A \
c X ¢ ¢ o
-8300'><><><>< :¢><>‘<><
a X
5 X X
n 2,00 H
T
<

1,00 A

|
[ |
000 +— === =% = — = =8 .
0 5 10 15
Sample no.




Adsorption of acidic components onto kaolinite
AACODGLIMFI KAO/TMHOM KUCNOTHDbBIX KOMNOHEHTOB

Adsorption of benzoic acid onto kaolinite at 32°C from a NaCl brine
(Madsen and Lind, 1998)
AOdcopbuyusa 6eH30UHOU Kucaomel Ha nogepxHocmu KaosauHa npu 32°C uz pacmeopa NaCl
(no MaoceHy u JluHOy, 1998)

pH initial l-‘max
umole/m’

5.3 3.7

6.0 1.2

8.1 0.1

Increase in pH increases water wetness for an acidic crude oil.
YeenuueHue pH nossiwaem 2udpogpusibHOCMb 8 OMHOWeEHUU
KucnomHou Heghmu.
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Oil: Acidic or Basic
HEd)Tb — KUCnaa naim oCHOBHas

Total oil: AN =0.1 and BN = 1.8 mgKOH/g
Banoevniii cocmas Hegpmu: AN = 0,1 u BN = 1,8 m2KOH/2
Res 40: AN = 1.9 and BN = 0.47 mgKOH/g

Ocm. 40: AN = 1,9 u BN = 0,47 m2KOH/2
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Lower initial pH by CO; increses the low salinity effect

CHuXeHue HavyanbHoro pH c nomouwbio CO, ycunusaer BanaHue
BOAbl C HU3KOU MUHepanusaumeun Ha HedbTeoTaauy

Core Triod LS brine — Formation
No. Swi Tagin Floodin . Hu3KkoMUuHep Brine —
KepH % ég’Cg % Oil - HedTb anusoBaHHaa | nnacrosas
Ne Bsoaa Bopna
TOTALB?:ieIr_o HedTb TOTAL EW
B18 1%7 60 40 Saturated With co, | Nacl: 1000 100 000
at 6 Bars — npm ppm —mMr/n ppm —
HacbiweHun CO2 Mr/n
TOTAL FW
B14 19.4 60 40 TOTAL Oil — HedTb NaCl:1000 100 000
BCero ppm — mMr/n ppm —
mMr/n
80 } 10
Low Salinity
70
— High lini < (< I A Y e i  l i
N igh Salinity _(W
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e} m > |
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6 20 ——-B18-Cycle-1 CO2 Saturated Oil  f-- ——B18-Cycle-1 CO2 Saturated Oi
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0 < 4 T T T T T T
2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14
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CO, + H,0 ¢> H,CO, + OH" ¢> HCO, + H,0




LS water increases oil wetnhess
HM3KOMMHepanM3OBaHHaﬂ BOAa NoBbllUadeT I'le,pOd)I/lanOCTb HEd)TVI

. __- el ! 20
Adsorption vs. pH at ambient temperature e o e
9 - ; | E ; 01 g/l food
o [ | (1111 | | & 16 byt
£ LWL i E 4 *
o il | i 2 12 ]
3 [ TTTA &1 | ® 10 -
= [ | oL : | —=LS o
B g Lt L | I | £ 8
=4 AL | —e-HS 3
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L2l 111 1 = |
:?: ;Ii ! il ! 0 T T T 5.‘
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1 2 3 4 5 9 Flood pH
pH

ss of asphaltenic deposits remainine. ner nlanar area of kaolinite-coate

Adsorption of Quinoline vs. pH at ambient temperature for LS

(1000 ppm) and HS (25000 ppm) fluids. FOgden and Lebedeva, SCA 2011-15
3aBUCUMOCTb afcopBLMN XMHONMMHA OT PH NP1 HOpMarbHOI! (Colloids and Surfaces A (2012)
TemnepaType AN HU3KOMUHepanu3oBaHHoro (1000 Mr/n) u Ancopbuvs HedpTv Ha kaonmke.
BbICOKOMUHepanu3oBaHHoro (25000 mr/n) dnounaa.

It is not a decrease in salinity, which makes the clay more

water-wet, but it is an increase in pH

lMoebiweHue 2udpodunbHOCMb 271UH 3a8UCUM HE OM CHUX(EHUSA

MUHepanu3ayuu eoobl, a om nosviweHus ee pH
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Snorre field
MecTtopoxkageHue CHopp

e Lab work —s1a6opamopHsie uccnedosaHus

— Negligible tertiary low salinity effects after flooding with SW, on average <2%
extra oil

— HesHayumenbHbIl mpembecmeneHHsIl npupocm 006bI4U MPU CMeHe
MOpCcKol 800bl HO HU3KOMUHepau308aHHY (MeHee 2% cpedHez20

npupocma 0obbiyu Hegpmu)
— T.=90°C

res

e Single well test by Statoil — uccinedosarue ckeaxcuHeil,
nposedeHHoe KomrnaHuel «Cmamousn»

— Confirmed the lab experiments
— [loOmeepousno nabopamopHsie ornbimebl

 Question - sonpoc:
— Why such a small Low Salinity effect after flooding Snorre cores with SW?

— [loyemy mak mana npupocm Hegpmeomoayu Ha KEPHE C MECMOPOHOEHUS
CHopp nocse nepexo0a ¢ MOPCKOU 800bl HA HUBKOMUHEePAasu308aHHYHO 800y ?
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New study at UoS: Lunde formation

HoBoe uccneposaHue B UoS, dopmauua JliyHae

Table/ Tabimua 1. Mineral composition / MuHepaabHBbIii cocTaB
Quartz\ Plagioclase / Calcite / Kaolinite / III|te/m|ci';1/ Chlorite /
Core\ KBapI TTATHORIAS | o eI T KAOJIUH WLt XJIOPUT
KepH ciI0/1a
[wt%] [wt%] [wt%] [wt%] [wt%] [wt%]
13 28.2 32.1 1.4 2.6 9.3 3.6
14 36.0 35.2 2.4 3.9 7.4 2.9
Table 5. Properties of the oil.
AN BN Density (20°C) | Viscosity (30°C) | Viscosity (40°C)
[mgKOH/g oil] | [mgKOH/g oil] [g/cm?’] [cP] [cP]
0.07 1.23 0.83653 5.6 4.0

P.S. The oil was saturated with CO, at 6 bar — Hegpmeb Hacbiwanace CO, npu

daesneHuu 6 bap.
The core was flooded FW diluted 5x and the pH of the effluent stayed above 10 —

KepH Hacblw,asca naacmosol 8o0oli ¢ pazbasneHuem 5X u pH sbiwe 10
Plagioclase gives alkaline solution: pH: 7.5 to0 9.5 - nnazuokna3 odaem Kucnoil

pacmeop pH = 7,500 9,5.




Plagioclase

N/1arMoKkna3s

Anionic polysilicates give alkaline solution

AHUOHHbIe nonucunukamel 0alom WesioyHbIe pacmeopsb|
— Albite as example:
— [lpumep ansbuma

NaAlSi,Og + H,0 <> HAISi;O4 + Na* + OH'

At moderate salinities, the pH of FW will be above 7, which means low adsorption
of polar components onto clay; negligible LS EOR-effect.

[Mpu cpedHeli MmuHepanu3sauyuu pH nmacmogoli 800bI bydem ebiwie 7, 4mo
03Hayaem HU3Ky adcopbuuro NOPU308aHHbIX Yacmuy, Ha aiuHe. Pe3ynbmam
nepexooa Ha HU3KOMUHeparu308aHHyH 800y HUYMOXHO Marl.

Due to buffer effects, the pH of FW was not decreased significantly by adding CO,,.

pH nnacmosol 800b1 npu nosbiweHuu kKoHueHmpayuu CO, cHuxaemcs
He3Ha4yumesibHO U3-3a cyulecmeogaHus byghepHo20 aghpekma



Snorre (Lunde) Core 13
MectopoxxaeHune CHopp, dopmauusa JiyvHae, KepH U3 cKks. 13

CO, was added - ¢ pobaskou CO,

70
40000 - O
aliniy
& 50 -
o) 30000 A +8
@]
R 40 I - Py ' ! |
= SFW g_ |k 500 ppm
@ 30 4 | BSW o LR NaCl
3 500 ppm NaCl E 20000 4PViday | 7
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Fig. 3. Recovery vs. injected PVs for Core 13. Flooding 0 5 10 15 20 25
rate of 2 PVID; Tres = 90 °C. PV Injected
Puc. 3. 3aBucumocTb HedpTeoTAaum OT 3aKkavku PV, kepH
ckB. 13. ckopocTb 3akavku 2 PV/cyt, Tnn =90°C

Low salinity effect of about 3-4 % of OOIP with SW as low salinity fluid
YeenuvyeHue Hepmeomaoayu npu 3aKa4yke MopcKoii 600bI 8 KaYecmae

HU3KOMUHepaﬂU3OBGHHOﬁ Huokocmu = 3-4% Ha4anbHbIX 3aNaAcoe
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Varg field: SPE 134459

MectopoxxaeHue Bapr, nyonukauua SPE 134459

Reservoir temperature: 130°C
lnacmosasa memnepamypa: 130°C

Salinity: 201 000 ppm

MuHepanu3zayusa: 201 000 me/n
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Relationship: T and pH
3aBUCUMOCTb TeEmMNepartypbl u pH

Wettability alteration of clay by LS water:
N3meHeHue 2udpogusnbHOCMU 2/UHbI PU KOHMAKMe ¢ HU3KOMUHepas1u308aHHOU 8000U:

Clay-Ca?*+ H,0 ¢ Clay-H* + Ca?*+ OH" + heat
Muua-Ca?* + H,0 € [nnHa-H* + Ca?* + OH" + Tenno

Desorption of active cations from the clay surface is an exothermic process,
AH < 0.

Jlecopbyus akmMuBHbIX KAMUOHOB8 M0BEPXHOCMbIO 2/1UHbI A8/9€MCA 3K30MepMUYeCcKUM
npoyeccom, AH < 0

— Divalent cations (Ca%*, Mg?*) are strongly hydrated in water, and as the temperature increases
the reactivity of these ions increases, and the equilibrium is moved to the left.

— /lsyxsaneHmHsie kKamuoHsl (Ca?*, Mg?*) cunbHo 2udpamupyromca 8 800€ U rpu nossieHuu
memnepamypbl Ux crrocobHOCMb 8CMynames 8 peakyuu 8o3pacmaem — pagHosecue
cMmeuwjaemcs 8npaso.

— The change in pH should decrease as the temperature increases.

— WU3meHeHue pH 00a#HO CHUXAMbCA NpU pocme memnepamypel.

— Dissolution of anhydrite, CaSO,(s), will move the equilibrium to the left.
— PacmeopeHue aHaudpuma, CaSO,(s), cOsuzaem pasHogecue 6s1€e80.

Gamage, P., Thyne, G. Systematic investigation of the effect of temperature during aging
and low salinity flooding of Berea sandstone and Minn, 16th European Symposium on

Improved Oil Recovery, Cambridge, UK, 12-14 April, 2011.
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Temperatur — pH screening
3aBUCUMOCTb Temnepartvpbl U pH

11
10 / .....................
9 ..........
I 8 2  — i
[« !
7 P I~ =WV WS .
6 e ©40°C |
V4 290 °C
4-130°C
5
0 4 8 12 16 20 24
Injected PV

Change in effluent pH versus PV injection fluid in core RC2 at temperatures
ranging from 40°C to 130°C. The brine flooding sequence was HS-LS-HS.
W3meHeHue pH om HaeHemaemozo prouda PV Ha kepHe RC2 npu
memnepamypax om 40°C do 130°C. lNocnedogamernbHOCMb 3aKayku

8bIC. MUH. — HU3. MUH. — 8bIC. MUH.
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Excellent LS EOR conditions

UpeanbHble YCNOBUA NOBbIWEHNA HedTeoTAauun Npu 3aKavke

HM3KOMMHepaﬂMBOBaHHOﬁ XNAOAKOCTU
(no Quan et al. IEA EOR Symposium 2012, Regina, Canada)

Minerals: Plagioclase = 22%, Total clay = 25% (mostly lllite and kaolinite)
MuHepanei: naa2uoknas = 22%, obw,as 2AuHa = 25% (npeum. unaum u KaosuH)
FW: Ca?*:0.061 mole/l, Total salinity 57114 ppm

Mnacmosas soda: 0,061 monv/n, obwas muHepanuzayua 57 114 me/n

T.es = 65°C (Trin. = 65°C)

k=1-2mD, ® =0.11 (Knp. =1-2m4, Kn=0,11)

14.5% LS EOR effect — lNMoebiweHue Hepmeomoayu Ha 14,5% npu 3aKa4yKe HU3. MUH. 800bl
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Summary
BbiBOAbI

“Smart water” EOR effects in carbonates

[losbiweHue Hegpmeomoayu KapboHamMos rnpu npuMeHeHuUU «yMHOU 800bI1»
— Optimal brine composition
— OnmumasnbHbIlU cocmas 800bI

* Modified SW: Depleted in NaCl and spiked with SO,%: Active ions SO,?,
CaZ+’ Mg2+

* ModuguyuposaHHaa mopcKkas 8oda: CHuxceHue NaCl u nossiweHue SO 2.
AkmusHsle uoHsl SO %, Ca’*, Mg?*
— T

res/nn >70 °C
— Conditions for LS EOR effects

— Ycnosusa nossiweHua Heghpmeomaoayu rnpu npuUMeHeHuUU
HU3KOMUHepasnu308aHHOU 800b]

* Formation must contain dissolvable anhydrite, CaSO,.
* Konnekmop 0onxeH cooepiams pacmeopumelli aHaudpum (CaSO,)

47



Summary
BbiBOADbI

e  “Smart Water” EOR effects in Sandstone
* [losbiweHue Heghmeomoa4yu nNecYaHUKos8 rnpu rnpumeHeHuUU «yMHoU 800bI»

Formation water:
lnacmosas soda
* pH<6.5
* Reasonable high Ca%*and total salinity.
* [losblweHHoe codepxcaHue Ca®* u obweli MuHepanu3ayuu
Clay must be present (lllite and kaolinite)
Tpebyemca npucymcmaeue 2auHbl (Uaauma usau KaosauHa)
Plagioclase can affect the pH both in a positive and negative way LS EOR effects
depending on initial salinity.
[naezuokna3 moxcem nossiWAmMe UaU NOHUXAmMb pH, Ymo esausem Ha rnosviweHuUe

Hed)meomdaqu rnpu 3akayke HU3KOMUH€,OGJ7U306CIHHOU 800bI 8 3a8UCUMOCMU OM
Ha4yasnbHoU MUHepanusauuu.

Combination of high T, (>100°C) and high conc. of Ca?*can make the formation too
water-wet.

CouemaHue 8bicoKoli Tria. (>100°C) u sbicokoli KOHY. Ca’+ moxem ripusecmu K
Yype3mepHO 8bICOKOU 2uOpouUNbHOCMU KOs/aeKmopa.

A pH-HS/LS scan can give valuable information of the potential for LS-EOR effects.

CKaH pH — 8bIC. MUH./HU3. MUH. MOXem 0amb UeHHY0 UHGOPMayU 0 803MOXHOM
8/1UAHUU HU3KOU MUHepanu3ayuu 800bl HA y8enuvyeHue Heghmeomoayu.
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