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BBenenue

B Hacrosimee Bpems, MOJABISIONIEE YHUCIO HEPTSIHBIX MECTOPOXKICHUN
Poccun HaxomuTcss Ha mocieAHeW craauu pa3paboTKH, XapaKTepu3ylolencs
BBICOKOOOBOTHEHHBIM (Ootee 95%) (OHIOM CKBaKHMH, YBEIHYCHHUEM JIOJIH
TPYJAHOU3BIIEKAEMBIX 3aMacoB B oOwIel cTpykType 3amacoB. [loaromy mpobiema
MOBBINICHUS He(TeoTHauM IJIaCTOB HA 3aKIIOYHUTENBHBIX ATanax pa3padoTKu
MECTOPOXKJACHUI OYEeHb aKTyallbHa, TaK KaK BCIEJICTBUE €CTECTBEHHOIO CHUKEHUS
U3BJIICKAEMBbIX 3amacoB JJid  OOJBIIMHCTBA 3ajieKell W MECTOPOXKIECHUU
ko3 dunreHT HeTIHOM OTIaYu JOBOJBHO HU3OK.

3HAUMMOCTh METOJIOB 10 MHTEHCHU(PUKALUK J0O0BIMM HEPTH KpaTHO
BO3pacTaeT ¢ BBOJAOM B  pa3pabOTKy HEPTSIHBIX MECTOPOXKIECHUH C
MaJOMPOAYKTHUBHBIMKA  macTamu. OmBIT — MOKa3bIBaeT, dYTO  Mpoliema
WHTEHCHU(DUKAITUY BO3HUKACT MPAKTUYECKA C MOMEHTA BCKPBITHS MPOTYKTHBHBIX
IJIAaCTOB B Tpoliecce OypeHus ckBaxuH. OHa MOKET OBbITh pellieHa ¢ TPUMEHEHUEM
KaueCTBCHHBIX  OypOBBIX  pAacTBOPOB,  COOTBETCTBYIOIICH  TEXHUKH U
TEXHOJIOTUYECKUX TPUEMOB KPEIJICHUS CKBAXKUH, OOCCIEUMBAIOIIUX HAJEHKHOE
pa3o0iieHre MPOAYKTUBHBIX IUIACTOB M HMCKIIOYAIOMIMX BO3MOXKHOCTH UX
KOJIbMaTaI1u.

Hpyras, He MeHee BakHas Tpo0ieMa — 3TO BOCCTAHOBJICHUE MPOTYKTHBHOCTH
CKB&)XMH, KOTOpas, KaK M3BECTHO, CHIXKAETCS B MPOLECCE MX JKCIUTyaTalldu IO
CaMbIM Pa3HOOOpa3HBIM MPUYHHAM, HAMPUMEP, OTIOKEHUE HEOPTaHUYECKUX CO-
Jie#, BHICOKOMOJIEKYJISIPHBIX KOMITOHEHTOB HE(PTH, 00pa30BaHUE CTOMKUX IMYJIbCUN
U T.J.

Hepeako mpoayKTUBHOCTH CKBAaXWHBI CHIDKAETCS H3-3a HAPYIICHUS
TEXHOJIOTHH TIOJ3EMHOTO PEMOHTa CKBaYKUH, a TAK)KE TPU MPOBEICHUU PEMOHTHO-
U30JISITUOHHBIX PA0OT MO OTPaHUYEHHUIO MPUTOKA BOABI U3 MPOAYKTHUBHBIX IJIACTOB
U T.JI.

W, wnakonen, TpeThs TmpobOiieMa — 3TO yBeldWdYeHUE KoddPuiueHTa
IPOAYKTUBHOCTU CKBaXXUHBI. OCO0YI0 aKTyaIbHOCTh 3Ta MpolseMa NpruoodpeTaeT B

CBSI3M C HEOOXOJUMOCTBIO pa3pabOTKA MECTOPOXKIECHUN C TPYIHOU3BIEKAEMbIMU



3aracamMu HepTH. OHa pelaeTcs, Kak U3BECTHO, MPUMEHEHUEM THIPABIMYECKOTO
pa3pbiBa IJIacTa, THAPONECKOCTPYHHON mepdopannn, MPUMEHEHUEM Pa3IHYHbIX
BApUAHTOB KHCIOTHBIX 00paOoTOK. Pa3BuBalOTCS W Jpyrue HampapiieHUs B
pa3paboTKe METOAOB BO3JCHCTBHS Ha NpU3a0OiHYI0 30HY IUTacTa C LEJbIO
yBeNIUYEHUS KO3PPHUIIHEHTa TPOIYKTUBHOCTH CKBAXKHUH.
Llenpro JaHHOTO TpOEKTa siBisieTCs aHaian3 A((PEKTUBHOCTU MPOBEACHHBIX
MEPOMPHUSITHIA MO MOBBIIICHUIO HEDTIHOM OTAAYH IIJIACTA.
AKTyaJIbHOCTh JAHHON TE€MBI 3aKJI0YAETCSI B TOM, UTO 3HAYUMOCTb METOIOB
1o MHTEeHCU(UKAIMKU J00bIYM HEPTH KpaTHO BO3PACTAET C BBOJAOM B pa3pabOTKy
HE(PTIHBIX MECTOPOXKJIEHUN C MaJONMPOAYKTUBHBIMHU IIJIaCTaMU. Y BEIUYCHHE
KO3 pUIMEHTa MPOJTYKTUBHOCTH CKBA)XMHBI IIOMOXET B Ipoliecce pa3paboTKu
MECTOPOXKICHHM C TPYAHOM3BIIEKAEMBIMU 3amiacaMi He(PTH.
3aoauu:
— U3y4uTb ['€0s0ro-TeXHuueCcKne XapakKTePUCTUKN MECTOPOXKICHUS;
— paccMOTpeTh MPOBEJACHHBIC TEOJOTO-TEXHUYECKUE MEPOMPHUSATUS  TI0
uHTeHCU(UKAITUU 100bIUU HeTH;
— IMPOaHAJIU3UPOBATh BIMSHUE TEOJIOTO-TEXHUYECKUX MEpONpPUATUIl Ha
100611y He(TH;

— paccumTaTh YKOHOMHUYECKHUi d3(hPeKT.



AHHOTALIUA

B nepBoii 4acTy AUIUIOMHOTO IIPOEKTA PACCMATPUBAKOTCS OOIIKE CBEJIEHUS O
MECTOPOXKJACHUH, €r0 PACIHOJIOKEHUE U XapaKTEepHble OCOOEHHOCTH TEPPUTOPUH,
reojioro-hu3nyueckasi XapakTepucTuka A. MECTOPOKICHHs, PEACTaBIeHa OLIEHKA
3armacoB HE(TU JAHHOTO MECTOPOXKIEHHUS, TEKYIlee COCTOSIHHE pa3paloTKu A.
MECTOPOXKACHUS, MPEACTaBICH  aHaJIU3  CTPYKTYpbl  JOOBIBAIOIIETO U
HarHeTaTeNbHOTO (OH/Ia CKBAXKUH.

JlaHHOE MECTOPOKIECHUE UMEET HEKOTOPhIE 0COOCHHOCTH:

— 10 3amacaM He()TH MHOTOIIACTOBOE, KPYITHOE;

— TEpPPUTOPUSL MECTOPOXKACHHS CHIIBHO 3a00JI04eHa, ¢ MHOTOYHMCICHHBIMU
MEJIKUMHU 03€paMH;

— IUIOIIAJb  MECTOPOXKACHHUS  NPEACTaBIsieT Cco0OM  IIaToo0pa3Hylo
BO3BBIIIEHHOCTh C CHJIBHO JACHYJMPOBAHHBIMU CKIIOHAMH, W3PE3aHHBIMU
OBparamu.

['eonornuecknii pazpe3 A. MECTOPOXKACHUS CIIOKEH TOJIIEH ME3030MCKO-
KaHO30MCKUX MOPO/I, 3aJIeTA0NINX Ha TOBEPXHOCTH MaJI€030MCKOro PyHIaMeHTa.

KepHOBBIM  MaTepualioM pa3pe3 MECTOPOXKIEHUS  OXapaKTepU30BaH
HepaBHOMepHO. Hawmboiiee MONMHO M3y4deHBI B ATOM OTHOIICHHH OTJOXKEHHUS, K
KOTOPBIM MPUYPOYCHBI MPOMBINIJIEHHO HE()TEHOCHBIE TOPU3OHTHI, TO €CTh HIDKHSISA
4acTh aJILIMCKOM, BEpXHsS 4acTh BaHACHCKOW CBUT, COJEpKalllle MPOIAYKTHUBHbBIC
miactel AB;°~ABs, nogomsa Banaenckoii (BBg) u kposis mernonckoii (5Bg) cBur.
JlocTaToyHO MOJHO M3y4Y€HA BaCIOTaHCKAasl CBUTA, B KPOBJIE KOTOPOU BBIJIEISAETCS
MPOAYKTUBHBIN MJIACT 1O,

A. MECTOpOXIEHHUE HAXOAUTCSI Ha OCJIOXKHSIOUIECH TpeThed CTaauu
pa3pabOTKH, KOTOpas B OCHOBHOM XapaKTEPHU3yeTCsl CHUKEHUEM N0O0bIYM HedTH,
HU3KUM TeMrioM otbopa Heptn ot HU3, ymennmienwem ¢oHma CKBaXUH
BcencTBUEe uX oOBomHeHus. Ha A. MecTropoxieHuu 3a mocieAaHue 8§ JieT
oTMeyvaeTcs 0oJiee BhICOKAs TCHIICHIIUS TaJeHus YpoBHEH N00bur HepTH. BHOBB
BBOJIMMBIE M WCTOPUYECKHE CKBXHHBI XapaKTEPHU3YIOTCS OoJjiee HU3KUMU

IIOKa3aTCIIsIMU p83pa6OTKI/I, HCXKCJIN OXKUAAJIOCh.



Bo BTOpO#i 4acTH OUIIJIOMHOIO IMPOEKTa PacCMATPUBAKOTCS BCE I'€OJIOrO-
TEXHUYECKHUE MEPOIPUSTHS, HAllpaBJICHHbIC HA MOBBIINIEHHE HEPTEOTUAAN TJIacTa
IPOBOAMMBIE HA JTAHHOM MECTOPOKICHUH.

Ha A. MecTopoxJeHur B MpoLEecce BCEro Neproaa pa3paboTKi TPUMEHSIIH
pa3auyYHble BUIbl MEPONPUATUN IO HUHTEHCU(PUKAUUMU J0O0bluM HedhTH U
YBEJIIMYEHUIO HE(PTEOTJauM IJIACTOB. B 11€10M MX MOXHO pa3JeuTh Ha HECKOIBKO
IpyIIl, @ UMEHHO:

- 3apcC3Ka OOKOBBIX CTBOJIOB,

ruapaBaudeckuii miacta (I'PIT);

~ TIEPEBOJIbI CKBAKUH Ha APYroi 0OBEKT pa3pabOTKu;

nepdopaloHHple pabOThl MO JOCTpeNIaM M IMepecTpenaM OOBEKTOB
pa3pabotku (IIBP);

- ¢usuko-xumuueckune OI13 ckBaxuH;

~ PEMOHTHO-U30JIsIIIMOHHbBIE paboThl (PUP);

~ BbIpaBHUBaHUE NPODUIISI IPUEMUCTOCTH;

B memoM Ha MecTopoXAeHHMM mpoBeneHo 3589 wmeponpusaTHl 1O
MHTEHCU(UKauU 100bIYM He(PTH U yBeIMUYEHUIO HeTeoTaaun iactoB. Beero 3a
BECh MEPHUOJ] Pa3pabOTKH MECTOPOXKACHUS 3@ CUET YKA3aHHBIX MEPOIPUATUN OBLIO
10061TO 11,9% HakomneHHO#M 100bIYU HEDTH MECTOPOKICHHS.

B TpeTheil yacTu IUIIIOMHOTO MPOEKTa pacCMAaTPUBAETCS TEXHOJOTHYECKAs
3G (HEKTUBHOCTH BCEX MPOBEACHHBIX MEPOIPHUSATUI IO MOBBIICHUIO HEPTEOTIAYN
miacta. Tak ’ke B JaHHOW YacTH JUIIJIOMHOTO POEKTa OyJEeT CpaBHEHA pacyeTHas
TEeXHOJIOTHYeCcKast 3PPEKTUBHOCTh MEPONPUATHI C TaHHBIMU ITPOMBICIIA.

B derBepToii 9yacTM TPOBENEH pacyeT IKOHOMHYECKOW 3(PGHEKTUBHOCTH
MIPOU3BOJICTBA THAPOMEXAHUYECKON WIeNeBO mepdopauuu nepes MpoBEACHUEM
paboT ruApaBIUUYECKOrO pa3phiBa.

O6ocHoBanue 3(PHEKTUBHOCTH MPOBEJCHUS MEPOTIPUSITHI MPOU3BOIUTCS HA
OCHOBE CpPaBHEHHMS €ro ¢ 0a30BbIM BapHAHTOM, B KAYECTBE KOTOPOTO MPUHUMAETCS
cutyanusi 0e3 mpoBeneHuss MeponpusTus. [IpupocT HaKOMIEHHOro MOTOKa

JICHE)KHOM HAJIMYHOCTH cocTaBIsieT 0koi1o 50%.



B naToit wactu jmummomMHOro  paboOThI  paccMOTpEeHa  COIMAIbHAS
OTBETCTBEHHOCTh omeparopa no0brar HedTH W raza. OmucaHbl BHUIBI BPETHOTO
BO3JICMICTBUS Ha OKpY-Karolyro cpeny. [I[poBeeH aHain3 BceX OMACHBIX U BPEIHBIX
dbakTOpoB pabodeil 30HBI, TAKWX KakK: IMTyM, METEOPOJIOTHUYECKHE YCJIOBHS,

QJICKTPOMATIrHUTHOC U3TYUCHUC, BPCIHBIC BCIIICCTBA, 3JI€KTpHIIeCKHI>'I TOK H ITIOXKap.



Enhanced Oil Recovery

By nature crude oil is a limited resource. Nevertheless, the amount of crude
oil available has to meet the worldwide demands. From time to time, oil production
has been intentionally reduced, and this has resulted in serious oil crises
accompanied by a general increase in the oil price. This in turn has forced the oil
industry to recover oil from more complicated areas, where the oil is less accessible
meaning that recovery techniques are constantly advanced. This has contributed to
the development of techniques for enhanced oil recovery, (EOR), which while used
today, also constantly undergo further advancement and development. Up to two
thirds of the crude oil remains trapped in the reservoirs after primary and secondary
recovery in an average oil reservoir, [Rosen et al., 2005]. EOR is then required to
optimize the depletion, as the remaining oil is trapped in the pore structure inside the
reservoir. EOR covers several different advanced recovery techniques, which will
be introduced in this chapter.

The focus in this thesis has been on the phase behavior properties inside the
reservoir in connection with surfactant flooding and oil/ brine systems. The phase
behavior in the surfactant system is overall the most important factor determining
the success of a chemical flood [Skauge and Fotland, 1990]. Currently, there are no
adequate models (such as equations of state) to describe phase behavior in such
systems. Consequently phase behavior must be measured experimentally, which is

both challenging and time-consuming.

1.1 Enhanced Oil Recovery

Several mechanisms contribute to the primary production of oil. Primary
production is in general understood as rather inefficient, as it produces less than 20
% of the original oil in place, [Morrow, 1991, p.5]. With the goal of improving oil
recovery, EOR is introduced, employing more efficient recovery methods. Oil
recovery methods usually fall into one of the following three categories:

— Primary recovery: Recovery by depletion

— Secondary recovery: Recovery by water or gas flooding



— Tertiary recovery: Recovery of the residual oil (also known as Enhanced Oil
Recovery,
(EOR))

It is not unusual that the so-called tertiary oil recovery takes place either as the
primary or the secondary step chronologically, because this entails a more feasible
process for certain reservoirs, [Green & Willhite, 1998, pp.1-10]. Another
commonly used designation is improved oil recovery (IOR), which covers a broader
range of activities. IOR can also include EOR, where IOR and EOR in general are
defined as follows:

— Improved Oil Recovery (IOR): Injection of fluids, which are already present

in the reservoir, e.g. water.

— Enhanced Oil Recovery (EOR): Injection of fluids, which are not normally

present in the reservoir, e.g. surfactants.

The concepts of IOR and EOR in practice are often mixed. Nowadays, oil
recovery processes are typically classified as primary, secondary and EOR
processes. From a fundamental point of view EOR should be understood as methods
or techniques whereby extrinsic energy and materials are added to a reservoir to
control:

— Wettability

— Interfacial tensions (IFT)

— Fluid properties

— Establish pressure gradients necessary to overcome retaining forces

— Move the remaining crude oil in a controlled manner towards a production

well.

One aspect of EOR operations, which in all processes has a considerable
influence on the result, is the ability to control the flow of the displacement fluid,
so-called mobility control. Since flow pattern prediction is very uncertain, predicting
oil recovery becomes difficult. These uncertainties challenge EOR processes. While

it is desirable to design the most efficient process in order to increase oil recovery,



economic feasibility of the EOR process is more crucial than any other aspect, in
order to commercialize the process [Sharp, 1975].
1.1.1 EOR Processes

Much work has been performed in the area of fluid injection with the objective
of improving oil recovery by the natural drive mechanism. The most widely used
technique is waterflooding, which has been applied for more than 60 years. The oil
left in the swept zone after waterflooding then becomes the main target for tertiary
oil recovery, [Morrow, 1991, p.6-10].

The primary goals in EOR operations are to displace or alter the mobility of the
remaining oil in the reservoir. Using conventional waterflooding techniques is
preferable as long as it is economically feasible. Remaining oil left after primary and
secondary recovery operations over long time periods is usually distributed in pores
in the reservoir, where the oil is trapped, mainly due to capillary forces and viscous
forces. EOR techniques will contribute to a longer lifetime of already existing
reservoirs. Unfortunately the application of EOR does not only bring advantages.
Using EOR is correlated with higher risks and increases the requirement for
additional facilities and investments. The common classifications of different EOR
processes are [Green and Willhite, 1998, p.1-10]:

— Mobility-control — Thermal Processes

— Chemical processes — Other (e.g. microbial EOR)

— Miscible processes

In general the EOR processes involve injection of gas or fluids into the oil
reservoir, displacing crude oil from the reservoir towards a production well. The
injection processes supplement the natural energy present in the reservoir. The
injected fluid also interacts with rock and oil trapped in the reservoir creating
advantageous conditions for oil recovery.

Mobility-control is a process based on maintaining favorable mobility ratios
between crude oil and water, by increasing water viscosity and decreasing water
relative permeability. Can improve sweep efficiency over waterflooding during

surfactant processes.



Chemical processes are injection of a specific liquid chemical that effectively
creates desirable phase behavior properties, to improve oil displacement. The

principles are illustrated in figure 1.1.

Injection well ~ Production
Pump for
_injection fluid

Ty 'S ‘.&'(PL s w

Figure 1.1. Chemical flooding, which is the injection of water and chemicals. Besides the
economic point of view, the complexity rises as several additional tasks such as preflush of the
reservoir and injection of additional fluids must be applied to accomplish an efficient process.

Surfactant flooding is an example of chemical flooding. This is a complex
process, where the displacement is immiscible, as water or brine does not mix with
oil. However, this condition is changed by the addition of surfactants. The technique
creates low interfacial tension (IFT), where especially an ultra low IFT
(0.001mN/m) between the displacing fluid and the oil is a requirement in order to
mobilize the residual oil. The liquid surfactant injected into the reservoir is often a
complex chemical system, which creates a so-called micelle solution. During
surfactant flooding it is essential that the complex system forms microemulsions
with the residual oil as this supports the decrease of the IFT and increases the
mobility. However, the formation of microemulsions may also be a significant
disadvantage, as microemulsions may plug the pores. It is also important to be aware
of the high loss of surfactant, occurring as a result of adsorption and phase
partitioning inside the reservoir. It is known that surfactant systems are sensitive to
high temperatures and high salinity, leading to requirements for developing
surfactant systems that can withstand such conditions. Other chemical processes

have also been developed, such as alkaline flooding and various processes where



alcohols are introduced. In alkaline flooding, alkaline chemicals are injected into the
reservoir, where they react with certain components in the oil to generate surfactants
in situ. Alcohol processes have so far only been tested in laboratories and have not
yet been applied in the field.

Miscible processes are based on the injection of a gas or fluid, which is
miscible with the crude oil at reservoir conditions, in order to mobilize the crude oil
in the reservoir. The process is illustrated in figure 1.2. This process relies on the
modification of the components either in the injected phase or in the reservoir oil
phase. Modification of either injected fluid or gas or the reservoir oil is achieved
through multiple contacts between the injected phase and the oil phase with mass
transfer of components between the phases, [Green & Willhite, 1998, p.7]. E.g.
injection of CO; as a liquid will entail extraction of the heavier hydrocarbons from
the reservoir oil, which will allow the displacement front to become miscible, [Holm,
1986].

Production well

] ! ]
Water and CO, Hot water or Hot water or
or natural gas Oil bank gas injected Oil bank gas injected

Figure 1.2. Miscible process control, where the | Figure 1.3. Thermal process control. Thermal
injected fluid does mix with oil. In this process | energy is injected into the reservoir. The
the oil is supposed to be mobilized injected energy mobilizes the trapped oil and

Thermal processes are typically applied to heavy oils. Thermal recovery
processes rely on the use of thermal energy. A hot phase of e.g. steam, hot water or

a combustible gas is injected into the reservoir in order to increase the temperature



of the trapped oil and gas and thereby reduce oil viscosity, [Green and Willhite,
1998, p.301]. The process is depicted in figure 1.3. The injected hot stream facilitates
the flow to the production wells by increasing the pressure and reducing the
resistance to flow.
1.2 Surfactant Flooding

Surfactant flooding is injection of one or more liquid chemicals and
surfactants. The injection effectively controls the phase behavior properties in the
oil reservoir, thus mobilizing the trapped crude oil by lowering IFT between the
injected liquid and the oil. The principle of surfactant flooding is illustrated in figure
1.4.

RESIDUAL OIL
O WATER
£4 ROCK

Figure 1.4. Principle of flooding, where residual oil is trapped in the reservoir, [O'Brien,
1982]. For the movement of oil through the narrow capillary pores, very low oil/water
interfacial tension (IFT) is required; preferably ultra low IFT at 0.001 mN/m is desirable.

There is a great potential for chemical processes with surfactant flooding,
since there is the possibility of designing a process where the overall displacement
efficiency can be increased. Nowadays many mature reservoirs under waterflood
have decreasing production rates despite having 50-75 % of the original oil left
inside the reservoir [Flaaten et al., 2008]. In such cases it is likely that surfactant

flooding can increase the economic productivity.

Surfactants are added to decrease the IFT between oil and water. Co-

surfactants are blended into the liquid surfactant solution in order to improve the



properties of the surfactant solution. The co-surfactant either serves as a promoter or
as an active agent in the blended surfactant solution to provide optimal conditions
with respect to temperature, pressure and salinity. Due to certain physical
characteristics of the reservoir, such as adsorption to the rock and trapping of the
fluid in the pore structure, considerable losses of the surfactant may occur. The
stability of the surfactant system at reservoir conditions is also of great relevance. It
is well known that surfactant systems are sensitive to high temperature and high
salinity and therefore surfactants that can resist these conditions should be used
[Green and Willhite, 1998, p.7]. Surfactant flooding creates microemulsion
solutions, which may contain different combinations of surfactants, co-surfactants,
hydrocarbons, water and electrolytes [Green and Willhite, 1998, p.239-300].
Polymers are also often added to the injected surfactant solution, to increase
viscosity, thus maintaining mobility control. In general there are three types of
surfactant flooding for EOR [Rosen et al., 2005].

Surfactant systems usually consist of both surfactants and co-surfactants.
However the combination of multiple components in the surfactant solution system
does not work well in practice as chromatographic separation occurs in the reservoir.
The solution concentration quickly changes from its optimal value as the separation
takes place. The optimization criterion in surfactant flooding is to maximize the
amount of oil recovered, while minimizing the chemical cost. While it is necessary
to reach low IFT for the surfactant system, minimizing only the IFT may not always
coincide with optimal oil recovery, as low IFT is not the only essential condition to
meet in order to get a successful and efficient oil recovery, [Fathi and Ramirez,

1984]. E.g. attention to the optimal salinity is crucial to include as well.
1.2.1 Surfactants

In surfactant flooding, the chemical system contains surface active agents,
surfactants, which are polymeric molecules that lower the IFT between the liquid
surfactant solution and the residual oil. Surfactants adsorb on a surface or fluid/fluid

interface when present at low concentrations. The most common structural form for



surfactants is where they contain a nonpolar part, a hydrocarbon 'tail', and a polar or

ionic part. The structure is shown in figure 1.5.

Hydrophilic head group Lipophilic hydrocarbon tail Water

\ (polar part) (nonpolar part) /

Figure 1.5. Surfactant molecule and surfactant orientation in water. Surfactants are also
referred to as amphiphile molecules because they contain a nonpolar 'tail' and a polar
'head'-group within the same molecule, [Green and Willhite, 1998, p.241].

It is the balance between the hydrophilic and hydrophobic parts of the
surfactant that generates the characteristics of the surface active agent. In EOR with
surfactant flooding the hydrophilic head interacts with water molecules and the
hydrophobic tail interacts with the residual oil. Thus, surfactants can form water-in-
oil or oil-in-water emulsions. Surfactant molecules are amphiphilic, as they have
both hydrophilic and hydrophobic moieties. Amphiphiles adsorb effectively to
interfaces and typically contribute to significant reductions of the interfacial energy,
[Pashley and Karaman, 2004, p. 62].

The primary surfactant is directly involved in the microemulsion formation
with regards to the EOR surfactant flooding process. The co-surfactant, if any,
promotes or improves the activities of the primary surfactant, by e.g. changing the
surface energy or the viscosity of the liquids. Due to chromatographic separation of
surfactant, co-surfactant and any other components, throughout the reservoir, it can
be problematic to create a multicomponent surfactant system capable of maintaining
optimal properties throughout the flooding process. The predominant disadvantage
of separation is that the control of the system deteriorates in the reservoir and

therefore it should be avoided if possible. As the co-surfactants prevent gel



formation and reduce the equilibration time, they are hard to eliminate from the
surfactant systems used for flooding. Oil reservoirs have different characteristics and
therefore the structure of added surfactant must be tailored to meet the reservoir
conditions to achieve a low IFT. For example the temperature, pressure and rock

vary significantly from one reservoir to another.

1.2.2 Classification of Surfactants

Surfactants are frequently classified on the basis of the ionic nature of the head
group, as anionic, cationic, nonionic or zwitterionic. Each type possesses certain
characteristics depending on how the surfactant molecules ionize in agueous

solutions. In table 1.1 a few commonly used surfactants are shown.

Table 1.1. List of common surfactant molecules with different types of charge: anionic, cationic
and non-ionic. [Pashley & Karaman, 2004, p.63]

Anionic

Sodium dodecy! sulfate (SDS) CHs (CH2)n SO;N&

Sodium dodecyl benzene sulfonate CHs (CH 2 )11 Cs Ha SOs Na)
Cationic

Cetyltrimethylammonium bromide  CH 3 (CH 2 )is N (CH3)) Br -
(CTAB)

Dodecylamine hydrochloride CH3 (CH2 11 NH ;0

Non-ionic

Polyethylene oxides CH3 (CH2)7 (O.CH2CH 2 )s

OH

Commonly used surfactants for EOR, are sulfonated hydrocarbons such as
alcohol propoxylate sulfate or alcohol propoxylate sulfonate. To achieve an optimal
surfactant flood for any given oil reservoir surfactants and polymers are often both
included in the flooding. Surfactants are responsible for the reduction of the IFT and
the polymer is added to improve the sweep efficiency, [Flaaten et al., 2008]. The
demands on surfactants are numerous and it is a great challenge to distinguish which
mechanisms are most dominant. Process conditions, such as high temperature and

high pressure are often the reality in reservoir environments.

1.2.2.1 Use of Anionic Surfactants

Anionic surfactants are negatively charged. They are commonly used for various

industrial applications, such as detergents (alkyl benzene sulfonates), soaps (fatty



acids), foaming agents (lauryl sulfate), and wetting agents (di-alkyl sulfosuccinate).
Anionic surfactants are also the most commonly used in EOR. They display good
surfactant properties, such as lowering the IFT, their ability to create self-assembled
structures, are relatively stable, exhibit relatively low adsorption on reservoir rock
and can be manufactured economically [Green & Willhite, 1998, p. 241]. Anionic
surfactants dissociate in water to form an amphiphilic anion (negatively charged)
and a cation (positively charged), which would typically be an alkaline metal such
as sodium (Na*) or potassium (K+).

Wu et al. (2005) have investigated a series of branched alcohol propoxylate
sulfate surfactants for the application in EOR. Their investigations show that the
number of propoxylate groups has a significant influence on the IFT, the optimal
salinity and the adsorption. Optimal salinity and adsorption are shown to decrease
as the number of propoxy groups is increased. In their work the experiments are
conducted at diluted surfactant concentrations, both with and without co-surfactants.

Barnes et al. (2008) investigate families of anionic surfactants, internal olefin
sulfonates, (I0S), for use in surfactant flooding at high temperatures, (up to 150 °C),
and with varying optimal salinities from 1 % to 13 % depending on the carbon
number range. The 10S surfactants show little sensitivity to temperature, which
could be an advantage for reservoirs with temperature gradients. Overall the 10S
surfactants exhibit promising over a range of reservoir conditions covering moderate
to high temperatures and from low to high salinity conditions. Both alcohol
propoxylate sulfates and 10S have been studied [Levitt et al., 2006 and Flaaten et
al., 2008], where they are identified as promising surfactant candidates for EOR
processes. These surfactant candidates are available at low cost and have been tested
in different reservoir cores resulting in enhanced oil recovery and low surfactant
retention, [Levitt et al., 2006]. It was found in Levitt et al. (2006)'s work that mixing
the 10S and the alcohol propoxylate sulfate give the best result. Furthermore Bryan
and Kantzas (2007) have conducted an investigation of alkali surfactants for
surfactant flooding of heavy oils. Their work showed that alkali surfactant flooding

has a great potential for non-thermal heavy oil recovery, as the addition of alkali



surfactants reduced the IFT between oil and water by such a magnitude that

formation of emulsions was possible.

1.2.2.2 Use of Nonionic surfactants

Nonionic surfactants have no charged head group. They are also identified for
use in EOR, [Gupta and Mohanty, 2007], mainly as co-surfactants to promote the
surfactant process. Their hydrophilic group is of a non-dissociating type, not
ionizing in aqueous solutions. Examples of nonionic surfactants include alcohols,
phenols, ethers, esters or amides.

Curbelo et al. (2007) studied nonionic surfactants with different degree of
ethoxylation to investigate the correlation with the adsorption of surfactant in porous
media (sandstone). From the experiments the variations in the surface tension with

surfactant concentration are shown in figure 1.6.
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Figure 1.6. Determination of Critical Micelle Concentration (CMC) for two surfactants
investigated. (A) is a surfactant with an ethoxylation degree of 9.5 and (B) is a surfactant
with an ethoxylation degree of 15.0. The x-axis is the natural logarithm of the surfactant
concentration. The break in both of the curves is where CMC is reached. [Curbelo et al.,
20077
Critical Micelle Concentration (CMC) is reached at a higher surfactant
concentration for (B), with ethoxylation degree of 15.0, compared to (A), with
ethoxylation degree at 9.5, seen in figure 1.7. With higher ethoxylation degree
follows that the surfactant has a larger polar chain and consequently higher solubility
towards the aqueous phase. Thus higher concentration of surfactant is required to
assure formation of micelles. Curbelo et al. (2007) concluded that the adsorption to
the sandstone core is higher in the case of the lower degree of ethoxylation, situation

(A), which should be avoided in EOR surfactant flooding.



1.2.2.3 Use of Cationic Surfactants

Cationic surfactants have a positively charged head group. Cationic
surfactants dissociate in water, forming an amphiphilic cation and anion, typically a
halide (Br-, Cl- etc.). During the synthesis to produce cationic surfactants, they
undergo a high pressure hydrogenation reaction, which is in general more expensive
compared to anionic surfactants. As a direct consequence cationic surfactants are not
as widely used as anionic and nonionic surfactants.

It is, however, reported that cationic surfactants can be used to improve the
spontaneous imbibition rate of water into preferentially oil-wet carbonate. Water
containing surfactants of the type alkyltrimethylammonium bromide or chloride was
injected [Standnes & Austad, 2002]. The cationic surfactants are most likely
dissolved in the oil phase as aggregates between the surfactant and the carboxylates,
under creation of ion pairs. In this way the surface becomes more water-wet, thus

the aqueous phase can better imbibe by capillary forces.

1.2.3 Single Component Surfactant Flooding

To obtain the optimal conditions for creating and maintaining the desired
microemulsion phase during a surfactant flood, co-surfactants, such as low
molecular alcohols as propanol and hexanol, are usually added to the surfactant
solution, [Austad et al., 1996]. Chromatographic separation of the injected surfactant
solution makes the operation challenging to control, as the original chemical
composition in the surfactant solution will change in the reservoir and in
consequence poor oil recovery may be experienced. A way to eliminate this problem
is to reduce the amount of, co-surfactants, or even to omit them altogether. A few
single component surfactants have been proposed in literature.

Austad et al. (1996) propose branched ethoxylated sulfonates, sulfate
mixtures containing both ethoxy and propoxy groups in the same molecule, mixtures
of ethoxylated and secondary alkane sulfonates and alkyl-o-xylene sulfonate.
However, the ideal surfactant solution or combination will differ from one residual
crude oil and reservoir to another. Austad et al. (1996) have examined the multiphase

behavior of a single component alkyl-o-xylene sulfonate/brine/oil system at



temperatures from 40 °C to 180 °C and pressures from 200 bar to 1000 bar with
different crude oil, fractions of crude oil and model oil. The phase behavior observed
with the increase in pressure was the same in all cases to Il to Il-). Regarding the
increase in temperature, in the case of the crude oil the phase behavior showed II-
to 111 to while the opposite phase behavior to 111 to 11-) was observed in the case of
the model oil and the fraction of crude oil. It is suggested that the effect of
temperature on the phase behavior is related to the interaction between the surfactant
and the resin type material in the crude oil present at high temperatures.

Zhao et al. (2006) study IFT behavior of crude oil/single component
surfactant/brine systems. Heavy alkyl benzene sulfonates have been found to be
good surfactants for enhanced oil recovery in Chinese oil fields. On the basis of
previous experiences Zhao et al. (2006) suggest alkyl methylnaphthalene sulfonates
(AMNYS) as surfactants for EOR. Different synthesized AMNS surfactants have
been investigated; hexyl methylnaphthalene sulfonate, octyl methylnaphthalene
sulfonate, decyl methylnaphthalene sulfonate and tetradecyl methylnaphthalene
sulfonate. Zhao et al. (2006) reported that some synthesized single component
surfactants of AMNS possess higher capacity and efficiency for lowering the surface
tension than similar long-chain alkyl benzene sulfonates (LAS), when surfactants of
the same chain length are compared. The structure of both AMNS and LAS is shown
in figure 1.7.
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Figure 1.7. The structural formula of the alkyl methylnaphthalene sulfonates (AMNS), left,
and alkyl benzene sulfonates (LAS), right.

The different AMNS were studied with respect to the IFT and the optimum
salinity. It was concluded that the AMNS tetradecyl methylnaphthalene sulfonate
was the most efficient in reducing the IFT. The surface tension of the crude oil/water



IFT was reduced to 0.001 mN/m (ultra low) at low surfactant concentrations, 0.002
mass %, without addition of alkali or other additives. Surfactants with the longest
chain length reduced IFT the most. This is in agreement with the expected behavior,
as it is in general understood that IFT reduction increases with the increase in the
chain length of the surfactant molecules. Zhao et al. (2006) conclude that both the
chromatographic separation and the breakage of stratum are avoided effectively.
As mentioned earlier Wu et al. (2005) carried out a study with branched
alcohol propoxylate sulfate surfactants and the influence of single component
surfactants. They concluded that using only branched alcohol propoxylate surfactant
in the formulation at low concentrations can create low IFT between brine and either
n-octane or crude oil. The optimal salinity depended on the number of propoxy
groups and decreases with an increase in propoxy groups. Adsorption experiments
were carried out in this study as well. Adsorption of these surfactants on kaolinite

clay decreases with an increase in the number of propoxy groups.



3akiiroueHue

B xoxe BBIMOJHEHUS AMCCEPTAIMOHHON palOOThl MOJYYEHBI CIEAYIONIUE
pe3yabTaThl:

1. JlomomauTenbHas n00bI9a HEPTH OT aHATM3UPYEMBIX MEPONPHUATHN
coctaBisger 11,8% HakormeHHOW J0OBIUM HEDTH MECTOPOXKICHHS. ITO
CBUJIETEIBCTBYET O O0JIee BO3pacTarouieil poJid MEPOIIPUSTUIN 10 HHTEHCU(DUKALIIH
n00brYr HeTH A1 TOBBIMICHUS HE(TSHOW OTHAYM IJIACTOB W JaJbHEHIICH
pa3pabOTKU MECTOPOXKICHHUS.

2. BBICOKYIO TEXHOJIOTHYECKYI0 3((PEKTUBHOCTH MOKa3aj0 MPUMECHECHHE
OOKOBBIX CTBOJIOB Ha Pa3fIMYHBIX 00BbEKTax paszpaboTku. [loMumo mopjaep;kaHus
pEeryisipHOM CETKU CKBaXHH, OypeHHe OOKOBBIX CTBOJIOB U  OOKOBBIX
TOPU30HTAJBHBIX  CTBOJIOB  CIOCOOCTBOBajo  OTOOpY HepTH U3  30H,
C1a00APEHUPYEMBIX OCHOBHBIMH CTBOJIAMU CKBaXKMH. JlomoJHUTENbHAs 10OBIYA
He(TU TOJILKO OT OypeHUsI OOKOBBIX CTBOJIOB U OOKOBBIX TOPU3OHTAIBHBIX CTBOJIOB
cocraBmia 576,9 teic.T. B mepcrnektuBe OypeHHE OOKOBBIX T'OPU30HTAIBHBIX
CTBOJIOB MO3BOJIUT MPOAOKUTH IKCILTyaTaIlMi0 00BEKTOB Pa3padOTKU B YCIOBUSIX
J0OBIYH BHICOKOOOBOJIHEHHOM NPOLYKIUU.

3. IIpoBeneHue TUAPABIMYECKOTO pa3phbiBa MIIACTA MO-TPEKHEMY OCTAETCS
OCHOBHBIM HMHCTPYMEHTOM WHTEHCHU(UKAIUU J00bIYM HedTH B CKBAXKUHAX
00bexT0oB AB:3, AB4 1 0oco6enno BBi7.21. Ero npumenenune GyaeT onpaBaaHo Kak
IIpY BBOJIE CKBAXWH M3 OypeHus (WM mepeBojie Ha OOBEKT), TaK M B MPOIECCE
skcruryatanuu. Beero ot mpoBeaeHuss 340 ruapaBiIdyYecKUX pPa3pbIBOB ILIACTa
JOTIOJTHUTENBHO MOTY4YeHO 2 MiIH 724,4 ThIC.T HEDTH.

4. Tlpomomkenune pabOT MO JOCTpPENy M TEpPecTpely IUIacToB, (U3UKO-
XUMHUYECKUX 00pabOTOK Mpu3abONMHON 30HBI IUIacTa TO3BOJIMT YAEpKaTh OT
najgeHust aeOuThl HedTH CckBaxuH. OT mpoBeacHHS NepPOPATMOHHBIX pPadoT
JOTIOTHUTENHHO TToJTy4eHo 2 MiTH 559,6 Thic.T HedTH. Beero 3a nepuos pa3padboTku
MECTOPOXKJIeHHUST ObUIO TpoBeAeHO 273 o0paboTok mpu3abOWHON 30HBI TIJIACTA,
JOTIONTHUTENNbHAs 100bua HedTH cocTaBuia 234,2 TeiCc.T HEPTH.

5. B mepcnektuBe mnoTpeOyeTcs 3HAYMTENBHOE YBEJIMYUTCS OObema



NOPOBEJCHUS  BOJOM3OJSLMOHHBIX  pabOT, CBSI3aHHOTO C  3aKOHOMEPHBIM
yBEJIIMYECHUEM OOBOJHEHHOCTH J00bIBaeMoil mpoxykiuu. [lpu ananmuze ObuIH
YYTE€Hbl pe3yiabTaThl 329 MeponpusITHl 1O PEMOHTHO-U3OJALMOHHBIM U
BOJIOM3OJISIIIMOHHBIM pa0oTaM, B pe3yJbTaTeé KOTOPHIX OBLIO JIOMOJHUTEIHBHO
noyyeHo 1 muH 363,1 ThiC.T HEDTH.

6. HecmoTps Ha cHmwkeHue B mociennue 3 roja 3p¢GeKTUBHOCTH paboT 1o
BBIPDABHUBAHUIO MPOQWIS NPHUEMHUCTOCTH, LIEJI€COO0Pa3HOCTh  JajJbHEHIIEro
NpOBENCHUsT ATUX pPaOOT HE BbI3bIBAET COMHEHUU. CHCTEMHOE MpOBEICHUE
MEPOIPUATHNA MO BBIPABHUBAHUIO MPO(HIIA MPUEMUCTOCTH J1a)K€ MPU YCIOBUH HE
BBICOKOI TOMOJHUTENBHOU A0OBIYM HE(DTU O3BOJISIET YAECPKUBATH OOBOIHEHHOCTh
IPOAYKIMH U CHU3UTh OOBEM MOMYTHO JOOBIBaéMOM BOJIbl. Beero ot nposenenus
1419 paboT 1o BeIpaBHUBAHUIO IPOPHUIISI TPUEMUCTOCTH JOTOTHUTENBHO MOTYYEHO

457,2 ThIC. T HEPTH.



