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vi i 

A bstract 

Water flooding i b far the mo t common method of improved oi l  recovery applied 

in oi l  re ervoir . Water is the cheapes t  source of external energy that has been u ed 

o\ er d cade in water flooding schemes ,  pro ided that the formation damage does not 

adver el  affect its inj ectivit . Dis placement efficiency of water flooding can be 

ignificant ly affected by crude oi llwaterlrock interactions .  H is torically, some 

cons ideration wa gi en to s uch interactions in the practice of reservoir engineering. 

In recent years ,  exten ive research in  this area has documented that higher oi l  

reco eries can be obtained when low-s al inity water is injected in a formation with high 

al inity forn1ation water. Hence, s electing a "smart water" with the proper s al inity and 

ionic compos ition could be cons idered as a tertiary recovery fluid. While laboratory 

te ts and hi torical field evidences validated this observation in carbonate reservoirs ,  

the mechanis m behind the observed incremental increase  o f  o i l  recovery is s t i l l  a topic 

of discuss ion. In this work, selected core s amples from a carbonate reservoir  were used 

to run flooding and s pontaneous imbibition experiments at reservoir temperature and 

a potential s mart water that could yield maximum oi l  recovery has been ident ified . 

Meas urements of endpoint effecti e pern1eabi l it ies along with chemical analys is of the 

effluents at the end of each core flooding tes t  were employed to s uggest  the l ikely 

mechanis m  for the incremental i ncrease  of oil recovery. 

Keywords: Low-S al inity, S mart Water, Core Flooding, Amott, I FT, Contact Angle .  
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Chapter 1: I n troduction 

1.1 Overview 

Energ demand i increasing with the rise in the world' s  population. Based on 

I EO_O 1 6  report, the total world energy con umption demand is expected to increase 

by 48%, from 549 quadril l ion British thennal units ( Btu)  in 20 1 2  to 8 1 5  quadril l ion 

Btu in  2040. De pite the significant advances in renewable energy technologies, fossil 

fuel s  \vill continue to pro ide most of the world ' s  energy. I n  2040 fossil fuel s are 

expected to account for about 78% of the world '  s total energy consumption. 

Population grO\vth and fast-paced economic development in  the Middle East would 

resul t  in  a 95% increase in the region' s  energy consumption by 2 040 ( International 

Energy Outl ook, 20 1 6) .  

As oil and gas will continue to be the main energy source in  the Middle East, 

increases in production and development of the fields will be paramount with an 

emphasis  on more efficient production techniques, both financiall y and technicall y 

1 .2 Background 

Oil recovery operations are technicall y subdivided into three stages: primary, 

secondary. and tert iary/EOR. The production l i fe of a field  can be divided into 

d ifferent phases, mainly  based on the reserv oir pressure and the natural energy 

avail able .  H istoricall y, these phases have been appl ied in a sequential manner (Green 

& Willhite, 1 998) .  In the i nit ial stages of the production l ife of a reservoir, fluids are 

usually produced naturally (or with the hel p  of art ificial l ift methods) through the 

well bore. The continuous fluid withdraw from the reservoir would  result in reduction 

of the reservoir pressure, unless it i s  supported by a strong water aqui fer. Economically 
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fea ible econdar I tertiary reco ery method are then appl ied to produce the oi l  at the 

requi red production rate. 

1 .2.1 Primary Recovery 

During th pn mary reco ery, init ial production is done with natural drives of 

the reservoi rs .  atural dr i  e may include; a natural aquifer displacing the oil toward 

the well bore, expansion of the fluid alread in the reservoir. compact ion of the pore 

space. gra ity segregation of fluids with d ifferent densities and expansion of the gas 

cap overl aying the oil accumulation. Depending on the combination and strength of 

the natural drives of a reservoir, the oil recovery during the primary stage can range 

from typically 5-25% of  Oil Init ial ly in P lace ( Onp) in depletion drive reservoirs 

(Tzimas. Georgakaki .  2005) and 1 5 -50% in black oi l  reservoirs with a water drive 

mechanism ( Arps, J. J . ,  1 967) .  

1.2.2 Secondary Recovery 

I n  most cases. the production under a natural drive would  resul t  in a reservoir 

pressure drop. Having l ower reservoir  pressure may pre ent meeting the production 

targets. or increase the gas to oil rat io of the production. Thus, secondary recovery 

methods are appl ied after exhausting the natural potential of the reservoir. In secondary 

recovery techn iques. water or immiscible  gases are injected in the reservoir to maintain 

the reservoir pressure above a predefined l imit .  

Water flooding i s  by far the most commonly  practiced secondary recovery 

technique that is used to enhance and accelerate o il recovery. This is why nowadays. 

secondary oil recovery i s  synonymous with to water flooding (Green & Wil lhite, 

1 998). In addit ion to pressure maintenance by means of voidage displacement, water 
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flooding can di pl ace the oil  from the pore space. The efficienc of this di placement 

depend on the vi cosities of the di splaci ng and di placed fluids, the rock 

charact ri ti c and gra ity. In orne cases l ike Ekofi k field, water flooding can be 

u ed to pre"\ ent urface ub idence ( Dake, 200 ] ). 

The oyerall di splacement effic iency of any flooding technique, can be 

conventionall con idered as mul tiplication of microscopi c  and macroscopic 

di placement efficiencies. 

E = EDEV 

Where ED as microscopic d isplacement efficiency is a measure of effectiveness 

of the displacing fluid i n  mobil izi ng the oi l .  While  Ev. or macroscopic di splacement 

efficiency ( al so referred as sweep efficiency),  is a measure of the effectiveness of the 

di splaci ng fluid i n  contacti ng the oil (Green & Wil lhite, 1 998). 

A lmost without exception, water from the cheapest source is  used at the start 

of water flooding. provided that scaling and formation damage does not affect the 

i njectivi ty ( Robertson.  2007). Historically,  l ittle consideration has been given to the 

effect of water mineral composition on the oil /water/rock i nteraction. In other words. 

the microscopic di splacement efficiency that is a resul t  of the chemi cal or physical 

i nteractions between fluids and the rock are di sregarded. 

1 .2.3 Tertiary Recovery 

Tertiary o i l  recovery i s  the thi rd stage of oil recovery that i s  usual ly 

implemented after water floodi ng (or any other secondary recovery methods that were 

appl ied) .  The tertiary recovery is al so referred to as enhanced oil recovery (EOR), as 

some reservoirs may not fol low the common sequential production phases due to 
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technical and econom ic factor ( Green & Will hite, 1 998) .  In  the EOR techn iques, 

ph) ical and /or chemical properti of the rock and fluids are modified to increase the 

oil re overy. The e fa orable  control led modifications ma increase oil reco ery by 

al t ring the \\" ettabil ity conditions, reducing the interfacial tension ( IFT) , changing 

den ity r vi cositie , etc . In other words. in EOR techniques. microscopic 

d i  placement efficienc is the main area of concern .  Enhanced oil recovery processes 

can be categorized in four main subcl asses of: chemicallbiochemical flooding, 

mobil ity control .  miscible displacement, and thel111aI recovery processes(Green & 

Will hite, 1 998) .  

Choosing the proper EOR technique that can be both feasible and efficient for 

a specific  reservoir i s  a big chall enge and requires extensive studies on the rock, fl uids, 

natural drive mechanism.  heterogeneity of the reservoir, and etc . The price and 

avail abil it of the EOR fluid is al so a consideration. Deciding to apply  an EOR 

technique on a maj or reservoir rna require significant amount of EOR fluids. Some 

EOR processes l ike C02 flooding prove to be very effective in enhanc ing the oil 

recovery, but they are subjected to high operational cost and l imited supply of EOR 

fluid ( Green & Willhite. 1 998) .  Thus, a successful EOR process would uses injection 

fluid that can enhance the recovery by util iz ing the available  resources at a feasible 

cost . 

For fields  that have access to a source of water, a fl uid that can use water as its 

base and meanwhil e  enhances the microscopic displ acement efficiency would  be a 

good EOR candidate. Low-sal inity water flooding i s  one of the new EOR techniques 

that has proved to increase the oil recovery. About 1 5  years ago. it was observed that 

greater oil reco ery coul d  be obtained when low sal inity water was injected in a core 

that was init ial ly flooded with h igh sal in ity water (Sheng, 20 1 4) .  Low sal inity water 
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flooding i an emerging EOR technique in which the al inity of the injected water is  

modified to increa e the oi l  recovery a well as maintaining the reservoir pressure. The 

potential of lov. al init water flooding has been val idated by many researchers 

through laboratory experiments ( Y
ousef et al 20 1 2) and field-scale appl ications 

( Robertson, 2007) in both econdary and tertiary reco ery stages. Yet, the underlying 

mechanism i s  sti 1 1  undefined. 

1 .3 Statement of the Problem 

The Po iti e effect of low-sal inity water flooding has been val idated in 

sandstone formation . The val idation has been done through 2 1 4  core flooding 

experiment u ed to evaluate the potential of low-sal inity brines as secondary recovery 

fl uids, and 1 88 core flooding experiments as tertiary recovery processes (Al -adasani, 

Bai. & Wu, 20 1 2) .  

Generall y. recovery factors in  sandstone reservoirs are higher than that of 

carbonates. This is due the fact that carbonate reservoirs have more complex texture 

and pore netw ork that resul t  in  challenges in  reservoir characteriz ation, production and 

management ( Scbl umberger. 2007). Schlumberger market review 2007 shows that 

carbonate reservoirs hold more that 60% of the worl d' s  oil .  The Middle East has 62% 

of the worl d' s  conventional oil reservoirs, and approximately 70% of them are 

carbonates ( Schl umberger, 2007).  

Although the potential of incremental recovery i s  higher in carbonate 

reservoirs, there are few core flooding and imbibition studies that are done in this area 

( Al -adasani et aI . ,  2 0 1 2) .  Recent studies show that low- salini ty water floodi ng can 

ha e a positive effect on the oil recovery in carbonates. But there is still no definite 
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ju  t ification for th r a on and m chani m behind this phenomenon (Gupta et al . .  

20 1 1 ) .  

104 Releva nt  Litera t u re 

Injecting a brine ith manipulated ionic composition can increase the oil 

recovery in both econdary and tertiary core floods ( Lager, Webb. Coll ins, & 

Richmond, 2008; Yildiz & Morrow, 1 996). Thi s  hypothesis has been val idated for 

sandstone reservoirs by many authors. 

Zhang and Morro\ (2006) ha e examined the potential of low sal in ity water 

floodi ng ( L  WF) as a secondary and tertiary recovery teclm ique and compared it with 

the i njection of formation brine. The experiments covered 5 types of Berea sandstones 

with a wide permeabil i ty range of 60 to 1 1 00 mD and three different crude oil s. It has 

been shown that i njection of l ow sal inity water as a secondary recovery fluid could  

increa e the oil reco ery by  1 3% to  27% (Y .  Zhang & Morrow, 2006). 

Al adasani et al . ( 2 0 1 2) has conducted a total of2 1 4  core flooding experiments 

on i njecting brines with low sal in i ty as a secondary recovery fluid, and 1 88 

expedments i n  which l ow sal inity brines where used in  the tertiary recovery stage. 

A lmost with no exception, all l ow sal in ity brines resul ted in more crude oil recovery 

in sandstone cores. Carbonate formation have greater reserve volumes ( Schl umberger. 

2007) and would require l ower d il ution ratios when compared to sandstone reservoirs 

( Y  ousef et al . , 20 1 0) .  Although carbonate reservoirs are better candidates for low 

sal in ity water flooding appl ications, there are l imited imbibition and core flooding 

studies that have i nvestigated the optimal injected brine composition (Al -adasani et 

aI . ,  20 1 2) .  
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Bagci et al . ( 200 1 ), conducted the flrst low sal inity core flooding on carbonate 

core ample to inv tigate the effect of monovalent and divalent cations. The re ults 

indicated that low al inity water flooding could  increase oil recovery, especiall in the 

absence of di al ent cation . The experiments ere conducted in an initial water­

\ ..... ett ing tate. 

In 2005 , the effects of sul fate ion and temperature was studied on chal ks 

( Peimao Zhang & Au tad, 2005 ) and l imestone core samples (Hognesen, Strand, & 

u tad. 2005) .  The experiments \ ere conducted using the Middle East formation 

waters. oil amples with a relatively  high acid number and rocks in oil -wet state. The 

resul ts have indicated that increasing sulfate woul d  resul t  in additional recovery. The 

incremental reco ery was obtained by a fa orable alteration of the wettabi l ity toward 

more water-wetting state, through a process that was accelerated by the increase in 

temperature. In the fom1ation brines with high calc ium concentration, the addition of 

sul fate rendered the recover due to anhydrate precipitation (Strand et a ! . ,  2006) .  The 

positive contribution of sul fate ion in low sal inity water flooding was conf1TI11ed by 

Webb et a! . (2005) through the shift in the capil lary pressure curve. 

A previous study of P.  Zhang & Austad ( 2005 ) has indicated that the main 

factor d ictating the wettabil ity of a carbonate rock is the acid number (A ) .  The 

carboxyl ic group of the crude oil makes up the acidic components of the oil . They can 

strongl y  adsorb onto the chal k  surface and significantly  al ter the wettabil i ty conditions. 

The i ncreasing acid number can al ter the wettabil i ty from neutral to strongl y  oil -wet 

conditions. The study emphasized the importance incorporating acid number into 

wettabil ity studies. 
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Th effect of d crea ing the ion concentration of eavv ater was inve t igated by 

You ef et a1 .  ( 2 0 1 0) using composite core flooding ( f our and ix cores placed in a 
erie ). Yousef et a1 . u ed 1FT, contact angle  and capil lar measurements as a 

j u  tification for wettabil ity al teration. Further dil utions resul ted in a shift in wettabil ity 

condition from an intermediate-wetting state to more water-wet conditions. This 

ob en'ation was then used to explain wh extreme dil ution of seawater could not 

increa e oil recovery 

Gupta et a1. ( 20 1 1 )  has conducted 1FT and core flooding experiments to : ( a) 

in\ 'e tigate the effect of polyatomic anions l ike sul fate. phosphate and borate in the 

i nj ected water, and (b)  study the effect of cation concentrations. The results  suggested 

that injecting seawater has reduced the pressure drop across the core pl ug and could 

inc rea e the reco ery .  An I ncrease in  the polyatomic anions could  further increase the 

oil recover . Seawater incremental recovery was accompanied by a reduction of 

cal cium and an i ncrease i n  the potassium concentration. Gupta et a1. also observed an 

improvement in recovery by reducing the calc ium concentration. 

Al Harrasi et a1 . (20 1 2) have conducted spontaneous and core flooding 

experiments at 70 °C on carbonate rocks. Various injected brines were prepared by 

d il ution of the fonnation brine using dist i lled water ( to 2, 5, 1 0, and 1 00 t imes dil uted). 

The resul ts indicated that low sal inity water flooding can increase the recovery by 1 6-

2 1 %. 

Zekri et a1 .  ( 20 1 1 )  used various d i l ution of sea water to study the contact angle 

as  a function of time. Carbonate rocks and sandstone core pl ugs obtained from Libyan 

o il reservoirs were used for this study. Zekri et a1 .  concluded that injecting l ow sal inity 

water would  resul t  in incremental oil recovery through a wettabil ity alteration 
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mechani m.  

1 - ttar e t  al . (20 1 3 ) conducted core flooding experiments usmg anous 

dil ution fa tor of eawater and carbonate core pl ugs from Bu Hassa Field in the 

nited Arab Emirate . dditionall y,  they evaluated the wettabili ty al teration using 

contact angle and IFT mea urements. AI-Attar et al . have concl uded that an increment 

in oil recovery can be ob erved u ing low sal inity water flooding while extreme 

dil ution could  render this phenomenon. An i ncrease in  sul fate concentration showed 

a ignificant effect on oil reco ery, but no measurement of acid number of the oil was 

provided. Result al 0 indicated that there is no clear correlation between I FT and pH, 

and o i l  recovery i mprovement. 

Au tad et al . (20 1 2) conducted core flooding experiments on preserved 

carbonate reservoi r  core samples that contained a significant an10unt of anhydrate 

(CaS04). uccessi e core flooding on composite limestone cores was attempted using 

2, 1 0  and 20 times dil uted seawater and oil with aci d  number of 0 . 1 5  mg KOHIg. 

Reduci ng the sal i nity and concentration of inacti ve sal ts l ike aCI, resulted in a 

reduction of the sulfate concentration in  injected brine due to di ssoluti on of anhydrates. 

The oil recovery increased graduall y by 25,  30 and 33% of OOIP after fl ooding the 

core successivel y  at 1 00 °C with formati on water. seawater and 1 0  times d il uted 

seawater. Both an i ncrease in the sulfate concentration and a reducti on in the 

concentration of i nacti ve salts contributed posi t ively to oil production. Austad et al . 

suggested anhydride d issol ution to be the main mechanism of recovery improvement 

i n  rocks with a signi ficant amount of anhydrates. 
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1.5 Re earch O bj ective 

The main objective of thi re earch i to find the optimum composition of the 

inje  tion brine that i both feasible  and practicaL and would increa e the oil reco er . 

Thi work al 0 aim to investigate the mechanism behind low-sal inity water flooding 

in carbonate fom1ations. I I  the rock samples, reservoir fluids and injected brines. and 

t t condition were selected so that they resemble an actual oi l  field in  the United 

Arab Emirate . The objectives are achieved by perfom1ing the followings: 

F i r  t :  tudyi ng the physiochemical properties of Oil ,  Rock, Formation water, 

injection water and seawater. 

Second:  tudying the interfac ial tension ( 1 FT) and contact angles for various 

l ow-sal inity fluid candidates. Thi s  part of work has been conducted at the first phase 

of the project and the resul ts are presented in the MSc thesis of Eng Jassim AbuBacker 

(Jassim Abubacker Ponnarnbathayil , 20 1 6) 

T h i rd :  Conducting spontaneous imbibition tests (at high temperature) to 

investigate the potential of arious brines in altering the wett abi l ity towards more 

favorable  conditions. 

Fort h :  Conducting core flooding experiments at reserVOlr temperature 

conditions to find the optimum smart-water under dynan1ic conditions. 

Fift h :  Suggesting the possible recovery mechanism by comparing the 

physiochemical properties of rock and effluents before and after the core flood. and 

correl at ing them with 1FT and contact angle resul ts. 
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1 .6 O rga n ization of the  The i 

Thi the i con i ts of fi e chapters. Chapter 1 i ncl udes an 0 erview of the 

energ} and oil indu tr , the background of oil producti on. a review of the rel evant 

l iteratur . a tatement of the problems, and the objectives of the research work. 

The second chapter includes an overview about rocks and flui ds that were used 

i ll this tudy. The chapter al 0 incl udes a brief discussion and elaboration of the 

e periments and the test condit ions at which they were conducted. 

The third chapter presents the resul ts of the experimental work and the relevant 

d iscussions that were driven to conclusions. The chapter starts with the chemical and 

physical properties of fluids and 1 FT and the contact angle measurements. The main 

part of this chapter is  the results of the low sal in ity water flooding experiments and 

spontaneous imbibi tion. 

The v.rork I S  then concluded I n  chapter 4 and a recovery mechanism IS 

suggested. 
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Chapter 2 :  Methodology and M aterials 

2. 1 A a b  Oi l  Field 

All the fl uid samples u ed throughout the project were either col lected from 

ab o i l  field or synthe ized ba ed on the compositions provided by Abu Dhabi Oil  

Company (AD OC) .  Asab Field is  one of the five major field operated by Abu Dhabi 

Company for Onshore Petroleum Operation Ltd (ADCO). This carbonate fOlmation 

with total proven o i l  reserve of 3 .6  b i l l ion barre ls  was discovered in 1 965.  The field is 

located approximatel 84 km north west of Abu Dhabi I sland in rol l ing sand dunes 

orne 3 0  km north of L iwa oasis .  Asab oi l  field is under current oi l  production rate of 

approximately 450,000 barre ls  per day . The current reservoir pressure and temperature 

of the reservoir  are 3 1 00 psia and 255 of ( "The South East:' n .d . ) .  

2.2 Crude Oil 

Stock tank crude oi l  samples from Asab field were used in thi s study. The l ight 

Asab crude o i l  with API of 39 .5  was fil tered through a 5mm fil ter paper prior to any 

lab appl ication. No asphaltene precipitation was observed during the storage. The 

crude o i l  had an acid number of 0 .07 mg KOH/g, measured using a standard titration 

procedure of ASTM D664 . Oi l  vi scosity was measured using rol l ing bal l viscometer 

at 20 °C and the value was 2 .93 cP o  The chemical analysis of the o i l  was done using 

gas chromatography and reported in  table 3 . 3 .  

2.3 Brines 

A total number of26 brines were used in the 1 FT and contact angle study phases 

of this project. These brines inc lude the formation water ( FW), the water currently 
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being injected in the re ervoir ( rW)  and seawaters ( W) with different sal inity and 

ulfate concentration . 

The re ults of 1 FT and contact angle have shown that the seawater is the most 

potential mart water to enhance the o i l  recovery of Asab field (Jassim Abubacker 

PonnambathayiL 20 1 6) .  Thu , the current tudy mainly focuses on the seawater and 

its 1 0  and 50 time d i lution . Testing the sea water and its di lutions at different sulfate 

spiking \va also attempted as sulfate have been proven to be a detemlining ion in 

increasing the oi l  recovery (Gupta et al . ,  20 1 1 ;  P .  Zhang & Austad, 2005) .  A seawater 

ample was col lected by Abu Dhabi Oi l  Company from a location 60 km from Asab 

field in the Per ian Gulf and an ioni c analysis was perfonned. Seawater with total 

d i  olved solids (TDS) of 5 7,539 was selected as  the base brine of the study and was 

synthetical l y  prepared in the laboratory. Different brines were then prepared by 

d i luting the sea water and spiking it with specific amount of sulfate ion. D i lution and 

piking calculations and procedures used for brine preparation are presented in 

Appendix A to C .  

Asab Fonnation water has  a TDS of 1 5 7 ,488 with a density of 1 . 1 034  and a 

viscosity of 1 .2482 cp at ambient conditions. The rugh sal inity water currently being 

injected in  the reservoir has a TDS of 258 .250 mg/l with a density of 1 . 1 639 mg/l and 

a viscosity of 1 . 75 cp at ambient conditions. Brine calculations and synthetic 

preparation of a l l  the brines were carried out fol lowing the procedure presented in 

appendix A and appendix B, after ionical ly  balancing the brine compositions. Tables 

2.2 to 2 .5  show the composition of all brines used in  this study. To ease the analysis 

and comparisons. the brines were categorized based on their d i lution and sulfate 

spiking into seven d ifferent categories. Brine categories are presented in table 2 . 1 .  
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Tabl 2 . 1 :  Brine categories 

Category Category Category Category Category Category Category 
1 2 3 4 5 6 7 

FW 5W 5W/1O 5W/SO 5W 5W2 x2 504 5W2 x6 504 
IW 5W x2 504 5W/10 x2 504 5W/SO x2 504 5W/1O 5W2/10 x2 504 5W2/l0 x6 504 
5W 5W x6 504 5W/10 x6 504 5W/SO x6 504 5W/SO 5W2/S0 x2 504 5W2/S0 x6 504 

Table 2 .2 :  Compositions of the Category 1 brines 

FW IW SW 
Ion mg/L ppm mg/L ppm mg/L ppm 

odium 4426 1 443 1 2  722 3 7  72320 1 9054 1 9076 
Calcium 1 3 840 1 3 856 1 9763 1 9786 690 69 1 

Magnesi um 1 604 1 606 3 5 69 3 5 73 2 1 32 2 1 34 
Barium <0. 1 <0. 1 1 03 9  <0. 1 <0. 1 <0. 1 

Potassium <0. 1 <0. 1 1 859 1 86 1  672 673 
Zinc <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

Pho phate <0. 1 <0. 1 5 5 <0. 1 <0. 1 
Ch loride 96560 96670 1 5 8 5 1 8  1 5 8699 3 5 836 3 5 877 

Bicarbonate 332 3 3 2  43 43 1 23 1 23 
Sulphate 885  8 86 268 269 3944 3949 
trontium 944 <0. 1 944 <0. 1 <0. 1 <0. 1 

itrate 0 <0. 1 4 <0. 1 <0. 1 <0. 1 
Carbonate <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

TDS ( m g/L) 1 57482 257206 6245 1 

Tota l  ( p p m )  1 57662 25655 1 62522 

Table 2 . 3 :  Compositions of the Category 2 brines 

SW SW x2 sOi- SW x6 sOi-

Ion mg/L ��m mg/L ��m mg/L EEm 
Sodium 1 9054 1 9076 20748 20772 24 1 3 7 24 1 65 

Calcium 690 69 1 690 69 1 690 69 1 

Magnesium 2 1 32 2 1 34 2 1 32 2 1 34 2 1 32 2 1 34 

Bari um <0. 1 <0. 1 <0. 1 <0 . 1  <0. 1 <0. 1 

Potassi um 672 673 672 673 672 673 

Zinc <0. 1  <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

Phosphate <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

Ch loride 3 5 836 3 5 8 7 7  3 5 83 6  3 5 877 3 5 836 3 5 877 

Bicarbonate 1 23 1 23 1 23 1 23 1 23 1 23 

Su lphate 3 944 3949 5 7 1 4  5 72 1  9254 9265 

Carbonate <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

TDS ( m g/L) 6245 1 659 1 5  72844 

Total ( p p m )  62522 65990 72927 
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Table  2 .4 :  Composition of the Category 3 brines 

W/1 0  oi' SW/ 1 0  x6 0/' 
Ion mo L ppm mg/L ppm mg/L ppm 

od ium 1 905 1 908 2753 2756 5294 5300 
alc ium 69 69 69 69 69 69 

Magne ium 2 1 3  � 1 3  2 1 3  2 1 3  2 1 3  2 1 3  
Barium <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

Pota s ium 67 67 67 67 67 67 
Zinc <0. 1 <0. 1 <0. 1 <0. 1 <0 . 1  <0. 1 

Pho phate <0. 1 <0. 1 <0. 1 <0. 1 <0 . 1  <0. 1 
Ch loride 3 5 84 3 5 8 8  3 5 84 3 5 8 8  3 5 84 3 5 8 8  

Bicarbonate 1 2  1 2  1 2  1 2  1 2  1 2  
u lphate 394 395 2 1 64 2 1 67 5 704 5 7 1 1 

Carb nate <0. 1  <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 
TDS ( m g/L) 6245 8862 1 4944 
Total ( p p m )  6252 8872 1 4961 

Table 2 . 5 :  Compositions of the Category 4 brines 

SW/50 SW 150 x2 soi' SW/50 x6 sol' 

Ion mg/L ppm mgIL ppm mg/L ppm 
odi um 3 8 1  3 82 2753  2756 7836 7845 

Calc ium 1 4  1 4  1 4  1 4  1 4  1 4  

Magnes ium 4 3  4 3  4 3  4 3  4 3  43 

Barium <0. 1 <0. 1 <0. 1 <0, 1 <0, 1 <0, 1 

Potass ium 1 3  1 3  1 3  1 3  1 3  1 3  

Zinc <0, 1 <0. 1 <0. 1 <0. 1 <0 . 1  <0. 1 

Phosphate <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0 . 1  

Ch loride 7 1 7  7 1 8  7 1 7  7 1 8  7 1 7  7 1 8  

Bicarbonate 2 2 2 2 2 2 

u lphate 79 79 1 849 1 85 1  5389 5395 

Carbonate <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

T DS ( m g/L) 1 249 8862 1 7485 

Total  ( p p m )  1 250 8872 1 7505 
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2 .4  Den ity a n d  Vi co ity M ea u rement  

Flu id den i ty ignificantl effects the IFT measurements, therefore, i t  should 

be mea ured \ ith high accurac ( Moeini et aI., 20 1 4) .  All fluid densities were 

mea ured using the high-pressure-high-temperature vibrating tube densitometer 

( nton-Paac ustral ia)  pre ented in figure 2 . 1 .  F luid densities at ambient conditions 

were mea ured u ing the Pycnometer. Canon-Fenske (presented in figure 2 .2 .b)  was 

u ed to measure the viscosity of the prepared brines. 

Figure 2 . 1 :  H PHT vibrating tube densitometer 

I 

( a) (b) 

Figure 2 .2 :  a )  Pycnometer b) Canon-Fenske 
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2 .5  Core a m ple  

The init ial plan of the project was to conduct a l l  the tests on rocks and fluids 

of the ab fom1ation. Unfortunatel , Asab carbonate cores plugs were not a ailable, 

o the experiment had to be carried out on carbonate core plugs from a nearby 

fomlation that could be t resembled the Asab formation in tenns of physical and 

chemical prop rti . 

Eleven nearly identical equate pieces of approximately 1 . 5" ' diameter grey 

colored l imestone cores were used in this study. Al l  core plugs showed to be 

completely l imestone (CaC03) as they strongly reacted with HCI acid.  Hand lens 

examinations showed a high porosity and l ight colored roughly spherical grains partly 

cemented b span"y calcite. 

2 .5. 1 Thin  Section Exam inat ion 

A th in section of cores number 2 and 1 3  was prepared as  presented in figure 

2 . 3 .  

Figure 2 . 3 :  Thin section images of cores number 2 and 1 3  

The dominant framework grains are mi l l imeter scale, roughly circular/el l iptical 

and less regular but rounded particles of ul trafine grained carbonate mud, commonly 

host ing numerous microfossi ls, including benthonic foraminifera and small fragments 

of pelecypods and echinoids. Algal particles may also be present. Large sparry calcite 

crystal s  occupy pore spaces and oil stains. The percentage of pore space is  d ifficult to 
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det nn ine due to plucking of grain . The large size of calcite cr stals sugge ts that 

pore space are wel l -coill1ected, indicating high penneabi l i ty .  The rounded framework 

are fil led with microfo i l s  and did not how any concentric radial structure. Til lS  

argues against them being identified as ool ites or peloid . The particles are probably 

be t de cribed a fo i l i ferous intraclasts. The rock may be considered as a grainstone 

and as an intra parite. Environment in which this rock could fonn is a t idal flat with 

fo i l i ferou muds later d isrupted at lllgh tide. The particles would then be rounded 

and s0l1ed and redeposited in tidal channels.  More infonnation on the stratigraplllc 

t lllckne s of the unit and its extent would be needed to test this hypothesis .  

2.5.2 Phy ica l Properties of the Core Sam ples 

All e leven carbonate core samples o f Um Al Sheif fonnation were selected and 

prepared for the study ( refer to Appendix D for core preparation procedures). The cores 

were then screened based on thei r  density. porosity and permeabi l ity to air measured 

using Vinci  PoroPenn i nstrument as described in Appendix E. The basic physical 

properties used for screening purposes are presented i n  table 2 .6 . 

Table 2 .6 :  Physical properties of Um Al Shaif core plugs 

G rain  
Porosity 

K 
Selected ? Sample  Sample Diameter Length 

Density by A i r  
N u m be r  Name ( m m )  ( m m )  b y  A i r  YesINo 

(g/cc) ( m D) 

U mSheif 1 38 . ] I 5 1 . 5 8  2 .72 0. 1 8  26.3 no 
2 U mSheif 2 3 8 . 1 25 50 .7  2 .7 1 0 . 1 4  1 7 .8  yes 
3 UmSheif 3 3 8 . 1 25 5 1 .67 2 . 7 1  0 . 1 5  1 0 .4 no 
4 UmSheif 5 3 8 . 1 25 52 . 1 2 .73 0. 1 8  1 3 .9 yes 
5 UmSheif 8 3 8 . 1 25 5 1 . 76 2 .7 1 0. 1 9  1 5 . 8  yes 
6 Um he if 3 7 1  3 8 . 1 25 50 .09 2 .72 0 . 1 8  1 6  es 
7 U mSheif 9 3 8 . 1 1 5  50 .7  2 .7 1 0. 1 6  1 5 .2 yes 

8 UmSheif_ l 0 3 7 .76 5 1 .447 2 .78 1 0. 1 8  0 .045 no 
9 UmSheif 1 3  3 8 . 1 25 50 .37 2 . 7 1  0. 1 5  1 4 .3 yes 

1 0  UmShe iC1 6 3 8 . 1 4  50.9 2 .7 1 0. 1 5  23 .4 yes 

1 1  U mSheif 24 3 8. 1 3  50.9 1 2 .7 1 0. 1 3  8 .8  yes 
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ut of the eleven core plug available, eight cores were selected for this study. 

The selection was done mainl based on the porosity and permeabi l i ty .  Samples 

numb r 2. 5, 8 ,  3 7 1 ,  9 and 1 3  were u ed for sequential flooding e periments, and core 

amples number 5 ( clean d and saturated after L WF), 1 6  and 24 were selected for 

pontaneous drainage studies in MOTT tubes. 

Al l  cores p lugs were then oil flooded to i rreducible water saturation, S WIIT and 

aged for a period of 40 da s at 80 °C before core flooding or spontaneous imbibition 

tudies ("Fundan1ental s  of Wettabi l i ty ( Oi lfield Review) I Schlumberger,"' n .d . ) .  

2.6 I n terfacial  Tension M ea s u rements 

I nterfacial tensions between oi l  and the vanous smart water flooding 

candidates was measured by pendant drop teclmique using a Tecl i s  Tracker shown in 

figure 2 .6 .  The technique consists of partial ly releasing a drop of oil with a precisely 

contro l led o lume into container fi l led with water. The I FT values were first measured 

at an1bient conditions. Pressure has a negl igible effect on the 1 FT values whi le the 

increase i n  temperature of the fluids could significantly  reduce 1 FT as the solubil ity of 

the sulfate ion increase i n  the water ( Strand et  aI . ,  2006). Figure 2 .4  shows the 

solubi l i ty of CaS04 in seawater as a function of ternperature. The procedures fol lowed 

for measurement of IFT are included in appendix F .  
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Fioure 2 .4 :  Solubil ity of CaS04 in seawater at d ifferent temperatures ( Strand et al . ,  
2006) 

2.7 Contact A ngle M ea s u re ments 

Contact angle measurement i s  one of the main means to observe the wettabi l i ty 

alterations ( Y  ousef et aL 20 1 0) .  Contact angle values were measured at a maximwn 

temperature of 90 °C and the required pressure to prevent the evaporation of the water 

( approximately 250 psia). Contact angle is easiest to be measured when the surface is  

smooth, as surface rigidity confound the visualization of contact angle(' Fundamentals 

of Wettab i l ity (O i lfield Review) I Schlumberger," n .d . ) .  Trim-ends were prepared from 

Asab core sample with low porosity and permeabi li ty and aged in o i l  for 4 weeks at 

ambient conditions to resemble the o i l  wet conditions of a carbonate reservoir. Trim-

ends were then placed in  the corresponding smart water candidate and the contact 

angle was automatical ly measured using Tecl ic-Tracker (shown in figure 2 .6 )  for 72 

hours. This technique could best represent the reservoir conditions as it moni tors the 

spontaneous " imbibition" of the brine into the trim-end fully saturated with o i l .  
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---I 
"Y .. = "Ysw + "y"" cos e 

Figure 2 . 5 :  Graphical pre entation of contact angle. On a perfectly water-wet surface 
( left) the o i l  drop i completely surrounded with water giving a e of zero. In a 

p rfectl)' o i l -\vet condit ions ( right ) the o i l  sticks to the rock making a e of zero. In  
in t  rmediate-wet conditions, the oi l  bead forms but  with an angle that comes from 

the balancing forces of surface-oil and surface-water ("Fundamentals of 
Wettabi l i ty (Oi l field Review) I Schlumberger," n .d . )  

The procedures fol lowed for contact angle measurements are included ill 

Appendix F .  

Figure 2 . 6 :  Tecl ic-Tracker used for 1 FT and contact angle measurements 
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2.8 Core Flood ing  

ore flooding as intended to assess potential waters under dynamic condition 

and compare th i r  recover with the reco ery factor achieved from injection of TW. 

Flooding experiments were de igned to e aluate the effect of d i lution and sulfate 

spiking on the oi l  reco er . A series of six core flooding experiments were conducted 

for this purpo e. E er ingle core was flooded with specific set of brines sequential ly, 

to e l iminate the effect of variation in  the rock 's  petrophysical properties. Table 2.7 

hO\v the order of the injected brines for e ery core flooding experiment. 

Table 2 . 7 :  Core flooding experiments 

Floodi n g  Core Order of Brines I njected 

# # F i rst Second Third 

1 UmSheif 5 SW SWX2S04 SWX6S04 

2 UmSheif 8 SW/l O S W/ I 0x2S04 SW/l OX6S04 

3 UmSheif 3 7 1  S W/SO S W/SOx2S04 SW/SOx6S04 

4 UmSheif 2 SW S WX2S04 SWx6S0-l 

5 UmSheif 1 3  S W  SW/ l O  S W/SO 

6 U mSheif 9 I W  S WI l O  

Low Sal inity water flooding experiments number 1 to 3 were conducted to evaluate 

the effect of sulfate spiking on o i l  recovery. The forth flooding experiments was done 

to qual i ty check the results of core LSWF number 1 .  The results of the first four core 

flooding experiments have driven us toward evaluating the effect of di lution on oi l  

reco ery i n  the fifth LSWF. The s ixth flooding experiment was done to conclude the 

work and report the value of incremental o i l  recovery that can be obtained using the 

optimum smart water. Al l  effluents were then analyzed for ionic composition, pH, 

resist ivity, turbidity and total suspended solids (TSS) .  



Cor flo ding equipment mainl) con ists of three major part : Core holder. 

heat ing tap and the i njection pump. Figure 2 .7  shows the process flow diagram (PFD) 

of the L WF experiment. 

W 
A 
T 
E 
R 

Reservoir Temperature 

Faction Col lector 

Confining Pressure 

Figure 2 . 7 :  Process flow diagram for LSWF experiments 

Al l  the tests were conducted under an overburden pressure of 800 psia appl ied 

using the h draul ic  pump. Fluid displacement was achieved by operating the syringe 

pump at a constant rate of 2 cc/min .  To regulate the flow and avoid extra pressure 

buil d-up after heating the system, a back pressure regulator ( BPR) was instal led to 

control the out let pressure at 1 50 psi (Alotaibi Azmy, & Nasr-El-Din, 20 1 0) .  The 

detai led procedures of core flooding experiments are included in Appendix H .  



2.9 Spontaneou Drain age Studie  - Amott  

The Amott-Harve) method is commonl used to measure the reservoir wetting 

pha e ( Boneau & Clampitt. 1 977) .  A sample at i rreducible water saturat ion. S"IIT is 

imm r ed in a water-fi l led tube for a period of t ime.  The spontaneous imbibit ion takes 

place when the oi l  i d isplaced with surrounding water. In the Amott Harvey method, 

the core an1ple i then placed in  a flow cell for forced imbibition. The process is then 

fol lowed by a spontaneous and forced drainage ("Fundamentals of 

Wettabi l i ty (Oi lfield Review) I Schlumberger." n .d . ) .  The outcomes of the Amott­

Harve method are usual ly  aturation indices I "  and 10 that are saturation change of 

water and o i l  respecti ely ( Tiab & Donaldson, 20 1 6) .  The method is more of a 

quantitative approach of wettabi l i ty evaluation. In  this study, an Amott tube is uti l ized 

for another set of experiments during which the sequential spontaneous imbibition is  

only monitored.  The approach proved to be rel iable in quantitatively studying the 

potential of d ifferent waters in enhancing the o i l  recovery (Strand et a1 . ,  2006) .  All  

spontaneous imbibit ion tests were conducted at 90 °C to make sure that the solubi l i ty 

of sulfate i n  seawater i s  maximized ( RezaeiDoust et. ai, 2009; Strand et al . ,  2006). The 

Amott tubes used for HTHP conditions were provided with a back pressure valve that 

could provide the necessary pressure to prevent the boil ing of the fluids at high 

temperature conditions. Figure 2 .8  shows the HTHP Amott cel l s  used for this study. 
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Spontaneous Imbibition Spontaneous Drainage 

Figure 2 . 8 :  High temperature Amott Cel l s  ( Vinci  Technologies, France) 

The 40 day aged core amples number 5 ,  1 6  and 24 were each placed in one 

pontaneou imbibit ion cel l .  A l l  three Amott cel ls were used to study exclusively the 

effect of d i lut ion on oi l  recovery (brine category number 5 ) .  As spontaneous imbibition 

tests were conducted at high temperature condi tions, it was important to minimize the 

recovery due them1al expansion of the oi l  ( Romanuka et al . ,  20 1 2) .  Therefore, all the 

components used in the spontaneous imbibit ion ( the o i l  saturated core sample and 

Amott cel l )  were heated at the test temperature prior to conducting the experiment. 

The Amott cel l  contain ing the saturated core sample was placed into an air-circulating 

oven and heated up to 90 °C while  the pressure of cell was maintained at 30 psia at all 

t imes ( to a oid boi l ing). The spontaneous imbibition tests were first conducted with 

i njection water ( lW )  and kept unti l  no more oil was produced . The brines were then 

replaced by the brines of category 5 sequential ly and kept under high temperature 

condit ions until no extra o i l  production could be observed. Table 2 .8  shows the order 

of the brines used. 
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Table 2 . 8 :  Order of brine u ed in h igh temperature spontaneous imbibition 

Brine Duration Brine 
Order (days) Name 

1 1 to 1 0  I W  
2 1 0  to 20 W 
3 20 to 30  SWI l O  
4 30  to 40 SW/SO 

Monitoring and mea uring the oil produced by capi l lary imbibition began as 

soon a the assembly of the Amott set-up was complete. The recovered oi l  was then 

presented as a percentage of O I I P  as a function of time. Detailed procedures of 

conduction spontaneous imbibition tests are inc luded in Appendix G. Figure 2 .8  

chematical l  describes the spontaneous capi l lary imbibition of o i l .  

Incremental OJI recovery 
Change bnne 

I 
I 
I 6 I Po 

CI.l I > 
.., I ro I Pc = Po - Pw :5 E 
:J Pw 0 

Pc 
• 

Time 

• 

� • 

. 

Sw 

Figure 2 .9 :  Graphical presentation of spontaneous imbibition. a) Sc�ema� ic 
description of the core plug at Swirr at the Amott tube. The produced 011  (wIth a 

density lower than water) i s  then col lected at the top and measured accordingly. b) A 
schematic representation of the sequential Amott I mbibition test ( Romanuka et aI . ,  

20 1 2) .  
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Chapter 3: Re ults and Discussions 

3. 1 B rine Propertie 

Brines were prepared usmg the procedures described in Appendix A to 

ppendix . The visco itie and densities of the prepared brines were then measured 

at ambient condit ions u ing a P cnometer and cannon flask. The pH values were 

mea ured using a digital pH meter right after the brine preparation. 

A simple and straightforward measure of salinity of a conductive fluid would 

be the re i t i  i ty (Tiab & Donaldson, 20 1 6).  The resistivity at a specific temperature 

can be simply correlated with the equivalent aCI concentration in the fluid using 

figure 3 . 1 .  

ConversIon approxomated by R2 = R, I(T, + 6.nY(T2 + 6 77)r 
for R2 = R, [(T, + 21 .5)/(T2 + 2al.5)]' 
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Figure 3 . 1 :  Water resistivity as a function of NaCI concentration and temperature 
(Tiab & Donaldson, 20 1 6) 
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The r i ti i t  alue of the prepared brine \ ere measured using digital brine 

re i tomet r at room temperature of 23 °e . The re ults are presented in table 3 . l .  

Bri ne 

F W  

I W  

W 

W/ l 0  x2 S04 

W/ I O  x6 S04 

W/50 

W/50 x2 S04 

ISO x6 S04 

Dl v. ater 

Tab le 3 . 1 :  Measured properties of brines 

a l in ity Density Viscosity 
ppm glml cp 

1 5 7662 1 . 1 034 1 .3483 

2 5 65 5 1 1 . 1 63 9  1 . 75 

62522 1 .0398 1 . 1 90 1  

65990 1 .0420 1 .2049 

72927 1 .0464 1 .2566 

6252 1 .0005 1 .0724 

8872 1 .0027 1 .0836 

1 7505 1 .0075 1 .0987 

1 250 1 .000 1 1 .03 1 5  

4 7 1 9  1 .0005 1 .0702 

1 1 65 5  1 .0039 1 .0894 

0 1 .0000 1 .0 1  

pH 
Resi t ivity 

Q rn 
7 .2 1 52 .0  

6.60 34 .5  

7 .32  76.6 

7 .33  78 .9 

7 . 37  77 .3 

7 .25 62 1 . 7 

7 .29 5 1 1 . 7 

7 . 35  3 89 . 1 

6 .70 2755 . 1  

6 .70 1 285 .8  

6 .75  508 .5  

6 .50  

I ncreasing the ioruc concentration and TDS of brines resulted in  an increase in 

density and viscosity. The addition of sulfate as a polyatomic anionic surfactant had 

minor effects on increasing the v iscosity. The results of density and viscosity are 

presented i n  figure 3 .2 .  
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Figure 3 .2 :  Brine density and viscosity vs. brine sal inity in  ppm 
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The pH alue indicated that al l  the brine u ed in this study had been init ial ly 

neutral . There \ as n trend that could be related with sal inity or concentration of any 

pec i fic ion.  The l ight reduction of the pH b d i lution is explained b the lower pH 

value of DI water u ed for d i lution. Figure 3 . 3  represents the pH variation for different 

brine . 
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Figure 3 . 3 :  Values of pH vs .  brine sal inity in  ppm 

There was an i nverse relationship between resisti i ty and total sal ini ty of the 

brine. F igure 3 .4 hows the resisti ity results vs. total sal in ity (ppm) at a room 

temperature of 23 °e.  
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Figure 3 .4 :  Brine resist ivi ty vs. sal in ity in ppm 
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3.2 Oi l  P ropertie 

The mea ured propertie of the dead o i l  are subdi ided into physical and 

chemical properties. 

3.2. 1 Phy ica l P ropertie 

Densit and API values of the dead oi l  were measured using both a hydrometer 

and an Anton Paar digital densitometer at 20 °C. The viscosity of the dead oil was 

mea ured at re en'oir temperature and various pressures using a Vinci (France) rol l ing 

ball v iscometer. 

Table 3 .2 :  Physical properties of crude oi l  

Grav it y  at 20 °C 
Dens ity at 20 °C 

Property 

V isco ity at 20 °C & 1 4 .7  psia 
V iscosity at 1 23 °C C::�5 5° F )  & 3 1 00 psia ( Pres) 

Un i t  
API  
glcc 

mPa.s-cP 
mPa.s-cP 

Value 
39.48 

0 .8276 
2 .927 

1 .8593 

Table 3 .2 shows a summary of the measured physical properties of the crude o i l .  The 

results of the rol l ing bal l  viscometer at a reservoir temperature of 255 °F indicate that 

increasing the pressure wi l l  s l ightly increase the o i l  v iscosity. Dynamic viscosity 

results are presented in figure 3 . 5 .  
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Figure 3 . 5 :  Dynam ic viscosity of oil (at 255 OF) vs. pressure 

3.2.2 Chem ica l P ropertie 

The acidity of oi l  i s  very low, thus, a very d i luted solution of KOH had to be 

used for titration and A measurement . The value of the acid number was 0.07 mg 

KOHIg. The low acid  number alue represent the neutral-wet state of the rock. To 

have a more complete image of the o i l  chemical properties, an avai lable gas 

chromatography (CG) analysis was also conducted . Results of GC analysis are 

presented in table 3 . 3 .  
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Table 3 . 3 :  Ga chromatography results of the dead oi l  sample 

u m ber ub  tance Mole 
Fraction 

C9 0. 500 1 9  
2 C I O  0 .00022 
3 C I I 0 .00039 
4 C I 2  0 .03 7 73 
5 C I 3  0.04466 
6 C I 4  0.008 1 0  
7 C I S  0 .09362 
8 C I 6  0.0 1 65 5  
9 C I 7  0.0 1 747 

1 0  PRISTANE 0.07574 
I I  C 1 8  0 .0 1 1 75 
1 2  PHYTANE 0.074 1 4  
l 3  C I 9  0.0 1 3 1 8  
1 4  C20 0 .00740 
I S  C2 1 0 .0 1 2 1 9  
1 6  C22 0.0 1 3 30  
1 7  C23 0.0 ] 425 
1 8  C24 0 .0 1 227 
1 9  C25 0.0 1 062 
20 C26 0.00852 
2 1  C27 0.007 1 2  
22 C28 0.005 54 
23 C29 0.00288 
24 C30 0.00397 
25 C3 1 0 .003 3 0  
2 6  C 3 2  0 .00284 
2 7  C 3 3  0 .000 1 9  
28 C34 0 .00025 
29 C35  0 .00083 
3 0  C36 0 .00053 
3 1  C 3 7  0 .0002 1 
3 2  C 3 8  0 .00004 

Tota ls : 

Light organic components make up the majority of the crude oi l  mixture. This explains 

having a l ight oil with an API gravity of 39 .5 .  
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3.3 I nterfacial  Ten ion and Contact  A ngle Studie  

Th valu of 1FT and a contact angle (at 90 °C) for variou brines \vere 

mea ured during the early tage of this project and have been presented in M c thesis 

of Ja im Abubacker (Ja sim bubacker PonnambathayiL 20 1 6) .  Table 3 .4  presents a 

ummary of these findings. 

Table 3 .4 :  Result of 1 FT and contact angle studies at HPHT conditions 

Brine 
[SOl-] 1 FT Contact Angle 
(mg/L) (dyne/em) (degree) 

5W 3949 9 . 503 1 13 
5W x 2504 5719 10 138 

5W x 6504 9259 8.343 162 

5W/10 395 1 1 .741 131 

5W/1O x 2504 2 165 1 1 . 145 123 

5W/10 x 6504 5705 10.351 142 

5W/50 79 13 .86 114 

5W/50 x 2504 1849 1 3 .406 147 

5W/50 x 6504 5389 12 .992 148 

The results of the 1 FT measurements indicated that lower 1 FT values could be 

obtained with h igher concentrations of sulfate ions. 0 significant trend could be 

found between the contact angle measurements and the d i lution/spiking. The lowest 

contact angle could be obtained with seawater. Based on the static studies of 1FT and 

contact angle. seawater with no spike in sulfate content was selected as the potential 

smart water. Further tests (static and dynamic) were conducted to verify this this 

conclusion. 

3.4 Oil flooding experiments 

All the selected UmAlsheif core plugs were flooded with water to measure 

their absolute permeabi l ity to water (column 5) and the brine saturated pore volume 

(column 3 )  using the procedure described in Appendix E. The core plugs were then 
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flooded \\ i th  A ab Crud oi l  ( fol lowing the procedure described in appendix H )  unt i l  

no \\ ater i produced . The cumulative volume of water produced (column 6).  i then 

u ed to calculate the initial water ( column 7) and oi l  (column 8 )  saturations. The results 

pre ented in column _ and 4 are the porosity and permeabi l ity measurements obtained 

init ial ly u ing PoroPem1 (v inc i )  for core screening purposes. Results of the oi l  

flood ing e, periments are pre ented in table 3 . 5 .  

Table 3 . 5 :  Results of o i l  flooding experiments 

[IJ [2) [3) [4] [5] [6] [7) 
Poros i ty 

K K 
Prod uced 

Sam ple Sam ple Po rosity by by S" i  
N u m ber Name by Air 

by 
A i r  Water 

Water 
( % )  

Water 
{m D} {mD} 

(cc) 

Urn heif 2 0 . 1 4  0 . 1 2  1 7 .8 1 0 .3 4.20 3 8 .0 

2 UmSheif 5 0 . 1 8  0 . 1 4  1 3 .9 1 1 .6 5 . 3 5  3 8 . 1 

3 UmSheif 8 0 . 1 9  0 . 1 6  1 5 .8 1 2 .2 5 . 8 5  4 1 .2 

4 m heif 3 7 1  0 . 1 8  0 . 1 5  1 6  1 l .2 5 .60 33 . 3 

5 Urn he if  9 0 . 1 6  0 . 1 4  1 5 .2 1 0 .8 4 .60 39 .4 

6 UmSheif 1 3  0 . 1 5  0. 1 4  1 4 .3 1 1 .2 5 .50 3 5 .0 

7 UmSheif 1 6  0 . 1 5  0 . 1 1  23 .4  20.6 3 . 50 59.9 

8 UrnShe if  24 0 . 1 3  0 . 1 1  8 .8  7 .6 4 .00 48 .8  

[8) 

Soi 
( % )  

62.0 
6 1 .9 
58 .8  
66.7 
60.6 
65 .0  
40. 1 
5 1 .2 

The init ial water saturat ion in  the core plugs varies between 33  to 40%. The 

core were then aged in Asab o i l  for 40 days at a high temperature of 80 0c. To evaluate 

any wettab i lity alteration due to aging (toward a more oi l  wet state). the cores were 

flooded again with o i l  and the incremental volume of produced water was measured . 

o extra water was produced after aging i l lustrating that no significant wettabi l ity 

alterat ion was obser ed. 

3.5 Low Sal in ity Water F lood ing Experiments 

For every core flooding experiment, values of the o i l  recovery factor for of 

d ifferent brines i s  reported as a function of pore volume injected. The oi l  Recovery 
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factor a calculated b di iding the olume of the produced oil b the volume of oi l  

in i t ia l l  i n  place. 

3.5. 1 L W F  N u m ber 1 ( B rine Category 2 )  

In the first core flooding experiment, core number 5 with a S\\1 o f  38 . 1 % was 

flooded with ea water at different sulfate concentrations. Table 3 .6 shows the results 

of the first core flooding experiment . 

Table 3 .6 :  Core flooding results for LSWF number 1 

I njected T ube Wi Voil Prod uced Wi R F  
Water # (cc) Per t u be Cumu lat ive ( PV) ( % )  

0 0 0 0 0 0.00 
1 . 1  2 .8  1 .4 1 .4 0 .3  26. 1 7  
1 .2 1 .67  0.42 1 . 82 0 .5  34 .02 
1 .3 2 0 1 . 82 0 .8 34 .02 
1 .4 2 0 1 . 82 1 .0 34 .02 

1 . 5 2 0 . 1 2  1 .94 l .2 36 .26 
� 1 .6 2 0 1 .94 1 .5 36 .26 v: 

1 . 7 4 .65  0.05 1 .99 2 .0  3 7 .20 

1 .8 4 .3  0 .05 2 .04 2 .5  3 8 . 1 3  

1 .9 4 . 7  0 . 1 2 . 1 4  3 . 1  40.00 

1 . 1 0  5 .3 0.02 2 . 1 6  3 . 7  40.3 7 

1 . 1 1 1 3  0 .0 1 2 . 1 7  5 .2 40.56 

1 . 1 2  1 4 .6 0.0 1 2 . 1 8  6.9 40.75 

2 . 1 1 2  0 2 . 1 8  8 .3 40.75 
� � 2.2  1 3  0 2 . 1 8  9 .8 40.75 (/) N  '" 

2 .3  5 2  0 2 . 1 8  1 5 .9 40.75 

3 . 1  1 2 .2 0 2 . 1 8  1 7 .3 40.75 

� �  3 .2 1 4  0 2. 1 8  1 9 .0 40.75 V: -a  ..-
3 . 3  5 1  0 2. 1 8  24.9 40.75 
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Figure 3 .6 ho\vs the oi l  recovery factor for "ariou alue of pore volume 

injected . 
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Figure 3 .6 :  Recovery factor ersus pore volume injected for LSWF number 1 

The sulfate spiking showed no effect on increasing oi l  recovery. 0 significant 

change in the endpoint effective permeabi l i ty to water was observed by increasing the 

sulfate concentration. The values of end point effective pem1eabi l ity for each injected 

brine i s  presented in figure 3 . 7 .  
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Figure 3 . 7 :  End-point effective permeabi l i ty for LSWF # 1  



3 7  

Other important propertie that could be used for investigating the recovery 

mechanism are l i sted in table 3 . 7 .  

Table 3 . 7 :  Efflu nt properties for L WF number 1 

Pa ra meter Un i t  SW SW xl sOi- SW x6 S042-
Befo re After Before After Before After 

pH Iog( moI/L) 7.32 7 .03 7 .33  7 . 1 8  7 . 37  7 . 24 
Tu rbid ity T 0 8 0 7 0 9 

u pended Sol id  mg/L 0 4 0 3 0 7 
B a rd n e  s mg/L 285 1 2876 285 ] 29 1 6  285 1 2822 
Re ist iv ity 1110-111 76.60 82.90 78 .90 80.50 77 .30 78 .43 

There have been no significant alteration in the acidity of the effluents. Figure 

3 . 8  hows the pH values of the injected brine _ before and after the flooding 

experiment. 

pH vs. I nj ected Brine 
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• Before 7 32 ..., 3 7  

• fter 7.03 7. 1 8  7 .2-l 

F igure 3 . 8 :  pH value of effluents for LSWF number 1 

Before conduct ing the LSWF experiment, al l  the prepared brines were fi ltered 

through three layers of 5 /lm fil ter paper to ensure they have zero turbidity and no 
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u pended ol id . fter L F. there as a l ight increase in turbidit; and an10unt of 

u pended ol id in  effluent as pre ented in  figure 3 . 9  
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Figure 3 .9 :  Turbidity and Total Suspended olids for LSWF number 1 

The resistivity and water hardness alues were measured for all effluents to 

obser e any change in al inity or possible rock dissolution. There ha e been no 

significant alteration i n  the sal inity or hardness of the effluents of LSWF number 1 .  

Change in Hardness & Resistivity vs.  Injected Brine 
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Figure 3 . 1 0 : Change in Water Hardness and Resistivity for LSWF number 1 
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I n  the econd low al inity water flooding experiment. core number 8 with an 

initial water aturation of 4 1 .2 % and ini tial oi l  volume of 5 .85  cc, was flooded with 

1 0  time d i luted eawater amples. Sulfate spiking was also attempted to e aluate any 

pos ible contribution of ulfate in increasing crude oil recovery. Table 3 . 8  shows the 

re ult of th econd L WF experiment. 

Table 3 . 8 :  Core flooding results for LSWF number 2 

I njected T u be Wi Voil Prod uced Wi RF 
Water # ( cc)  Per t u be C u m u lative ( PV) ( %) 

0 0 0.00 0.00 0.0 0 .00 
1 . 1  1 .8 8  0.3 8 0.3 8 0.2 6 .50 

1 .� 0 .82 0 .82 1 .20 0.3 20.5 1 

1 . 3 0 .8  0 . 35  1 .5 5  0.4 26.50 

I A- 0 .8  0 .25  1 .80 0 .5  30 .77 
� 1 . 5 1 .65  0 .20 2 .00 0 .6 34. 1 9  
� 1 .6 1 . 5 0.00 2.00 0.8 34 . 1 9  :z; 

1 . 7 1 . 87  0 .27 2 .27 1 .0 3 8 .80 

1 . 8 8 .5  0 .30  2 .57  1 .9 43 .93 

1 .9 52 .5  0 .60 3 . 1 7  7.4 54. 1 9  

1 . 1 0  1 00 .5  0.20 3 . 3 7  1 7.9 5 7.6 1 

1 . 1 1 1 00 0 .02 3 .39 28 .4 57.95 

0 .,.- 2 . 1 1 3 .5  0 .00 3 .3 9  29.8 5 7 .95 

� �  2 . 2  1 3  0.00 3 .3 9  3 1 . 1  5 7 .95 
v:; ,. 

2 . 3  1 00 0.0 1 3 .40 4 1 .6 58. 1 2  

3 . 1  1 5  0.00 3 .40 43 .2 5 8 . 1 2  o � - 0  
� �  3 .2 5 0  0.00 3 .40 48.4 58. 1 2  IZl /' 
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Figure 3 . 1 1 how the oi l  recovery factor for various values of pore volume 

injec1ed. 
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Figure 3 . 1 1 :  Recovery factor versus pore volume injected for LSWF number 2 

a significant oi l  recovery could be observed when the core plug was flooded 

with 1 0  t imes d i luted brines with higher sulfate concentrations. Results indicated that 

a substantial increase in the alues of end-point effective penneabi l ity to water can be 

achieved when the core is continuously flooded with d i luted brines. The values of end 

point effective penneabi l ity for each injected brine is presented in figure 3 . 1 2 . 
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Figure 3 . 1 2 : End-point effective permeabi l ity for LSWF #2 
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dditional important properties of the effluents that could be u ed for 

inve ligating the mechani m are l i sted in  table 3 .9 .  

Table 3 .9 :  Effluent properties for LSWF number 2 

Pa rameter U n it  SW/ I O  SW/IO  x l  sol- SW/I O x6 SO�2-

BefOl'e After Before After Before After 
pH log(moIlL) 7 .25  7.40 7 .29 7.43 7 . 35  7 .78 

Tu rbidity T 0 4 1  0 59 0 3 8  
Su  pended olid mgIL 0 52  0 64 0 44 

Hard oe s mglL 275 982 275 1 2 1 1 275 873 
Resist ivity mQ-m 622 393 5 1 2  336  3 89 288 

o specific trend could be found between LSWF and the acidity of the 

eff1uent . Figure 3 . ]  3 show the pH alue of the effluents before and after the flooding 

experiments. 

pH vs. Inj ected Brine 
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A igni ficant increa e in turbidity and the amount of total dissolved sol id \-\-as 

ob eryed \ hen the core plug \-\-a flooded with 1 O-times-diluted samples of seawater. 

The re ult are pre ented in fi gure 3 . 1 4 . 

Turbidity and Suspended Sol ids vs I njected Brine 
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Figure 3 . 1 4 : Turbidity and Total Suspended Sol ids for LSWF number 2 

Water turbidity and suspended sol ids could present any possible cement/matrix 

d issol ution. The hypothesis was verified by measuring the values of brine resistivity 

to ob erve the increase in al inity) and water hardness ( to measure the increase in 

calc ium) as presented in figure 3 . 1 5 . 
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Figure 3 . 1 5 : Change in  Water Hardness and Resist ivity for 
LSWF number 2 
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The igni ficant incr a e in both water hardne s ( reflecting the concentration of 

calcium and magne ium ion ) and water sal iillt ( the reduction in resistivity) have been 

re ulted by rock d is  olution. 

3.5.3 L WF N u m ber 3 ( B rine Ca tegory 4) 

To inve tigate th effect of sulfate in highly d i luted brines. core number 3 7 1  

\Va flooded u ing 50-times-di luted seawater at d ifferent sulfate concentrations. Table 

3 . 1 0  hows the result of the third LSWF experiment. 

Table 3 . 1 0 : Core flooding results for LSWF number 3 

I njected T u be Wi VoiJ Prod uced Wi RF 
Water # (cc) Per t u be Cumu lative ( PV) ( % )  

1 0 .9 0 .33 0 .33 0. 1 5 . 89 

2 1 1 .00 1 .3 3  0.2 23 .75  

3 0 .8  0 .70 2 .03 0.3 36.25 

4 0 .65 0 .38 2.4 1 0.4 42.95 
0 5 0 .75  0 . 1 5  2 .56  0 .5  45 .63 V) 
--

48.30 
� 6 0 .87  0 . 1 5  2 .7 1 0.6 ifl 

7 3 .6 0 .30  3 .0 1  1 .0 53 .66 

8 26 .8  0 .30  3 . 3 1 4 . 1 59 .02 

9 5 1 .3 0 .60 3 . 9 1  1 0 .2 69.73 

1 0  50 . 5  0 . 1 0  4 .0 1 1 6 . 1  7 1 .52 
0 ...,. 2 . 1 0  1 2 .5  0 . 1 0  4 . 1 1  1 7 . 5  73 .30 � c  � :r. 1 00 0 . 1 0  4 .2 1 29.3 75.09 N 2 .2  :r. '" 

o �  3 . 1  1 1 . 5 0 .00 4.2 1 30 .6 75 .09 � o  
42 .5  75.09 � �  3 . 2  1 0 1  0 .00 4.2 1 z " 
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Figure 3 . 1 6  how the o i l  reco\er� factor for the three different brines versu the pore 

volume inj cted. 
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Figure 3 . 1 6 : Recovery factor versus pore volume injected for LSWF number 3 

I ncreasing the sulfate concentration showed no significant effect on increasing 

the crude o i l  recovery. Yet, the results of end-point effective permeabil i ty had 

reval idated the idea of the rock dissolution as presented in figure 3 . 1 7 . 
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Figure 3 . 1 7 : End-point effective permeabil i ty for LSWF #3 
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The addit ional propert ies of effluents are mea ured before and after the L VlF 

experiments and ar l i  ted in table 3 . 1 1 .  

Table 3 . 1 1 :  E ffluent properties for L WF number 3 

Pa rameter SW/SO SW/SO xl SW/SO x6 
U n it SO�2. S042-

Before After Before After Before After 
pH log(moJ/L) 6.70 7 . ]  8 6 .70 7.69 6 .75 7 .38 

Tu rbidi ty T 0 22 0 3 1  0 28 
u peoded Solid mglL 0 30  0 25 0 26 

H a rd ness mglL 60 1 3 1 2  60 ] 760 60 986 
Resist ivity IllQ-1ll 2755  1 3 58  1 286 634 509 23 1 

Likewise no trend between the pH value and the incremental recovery could 

be observed for the third L WF experiment. as shown in figure 3 . 1 8 . 
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Figure 3 . 1 8 : pH value of effluents for LSWF number 3 

The results of  turbidity and the total suspended sol ids showed a trend similar 

to LSWF number 2 .  Flooding the core sample with 50-t imes-di luted samples of 

seawater have resulted in s imi lar turbidity but fewer suspended sol ids. The lower 

alues of suspended sol ids may be explained by the higher capacity of 50-times-d i luted 
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a\ ater in di olving the ol id particles. Re ults of turbidity and T are presented 

in figure 3 . 1 9 . 
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Figure 3 . 1 9 : Turbidity and Total Suspended Solids for LSWF number 3 

The possible rock dissolution have also resulted in a significant increase in 

water hardness and water sal ini ty ( shown by a reduction in resistivity) as i l lustrated in 

figure 3 .20.  
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Figure 3 .20 :  Change in  Water Hardness and Resistivity for LSWF number 3 
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In thi experiment, core number 2 was flooded (at a lower injection rate) with 

eawater at d ifferent sul fate concentrat ions. The results were then compared with the 

fir t L WF to confirm the repeatabil ity and qual i ty of the observations. imi lar results 

but l ightly more oil recover was observed in the fourth L WF. The recovery factor 

did not have comparable parameters as the experiments are subjected to different 

heterogeneity conditions. The result of the fourth LSWF experiment are l i sted in table 

3 . 1 2 . 

Table 3 . 1 2 : Core flooding results for LSWF number 4 

I njected Tube Wi Veil Produced Wi RF 
Water # (cc) Per tube Cumu lative (PV) (%) 

0 0 0 0 0 0.00 

1 . 1  1 .42 0 .9 0.9 0.2 2 1 .43 

1 . 2  0 .67 0.3  1 .2 0.3 28.57 

1 . 3  0 .83 0 . 3  1 . 5  0.4 3 5 . 7 1  

1 .4  0 .83  0 .1  1 . 6  0 . 5  38.10 
S 1 . 5  0.83 0 1 . 6  0 . 7  38 .10 I/) 

1 . 6  0 .83 0 1 . 6  0 . 8  3 8 . 1 0  

1 . 7  0.83 0 1 . 6  0 .9  38.10 

1 . 8  5 1  0 . 5  2 . 1  8 .4 50 .00 

1 . 9  100 0 .35  2 .45 23 .0 58.33 

1 . 10 100 0 2 .45 37.6 58.33 

2 . 1  1 5  0 2 .45 39.7 58.33 <t s O  I/) �  2 .20 2 6  0. 1 2 . 55 43 .5  60. 7 1  
x 

2 . 3  5 0  0 2 .55  50.8 60.71  

3 . 1  15  0 .01 2 .56 53 .0  60.95 
<t s S;  

1/) 1.0  3 . 2  5 0  0.05 2 .61  60.3 6 2 . 14 
x 

3 . 3  5 0  0 2 .61  67 .6  6 2 . 14 
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Figur 3 . 2 1  how the oi l  recovery factor for the three different injected brines 

ver u the por volum injected. 
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Figure 3 .2 1 :  Recovery factor versus pore volume injected for LSWF number 4 

The obtained values of effective pem1eabi l ity and effluent properties were 

s imi lar to what was measured during for the fIrst LSWF experiment. 

3.5.5 L S W F  N u m ber 5 ( B rine Category 5) 

o incremental o i l  reco ery was obtained by spiking the sulfate content of 

seawater or its d i lutions. Thus. the fIfth experiment was designed exclusively to 

investigate the effect of seawater di lution. In  this experiment, core sample number 1 3  

was flooded sequential ly with seawater, 1 0  and 50 times di lutions. The results of these 

L WF experiments are l i sted in table 3 . 1 3 . 
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Table 3 . ]  3 :  Core flooding result for L WF number 5 

I nje ted Tube WI VOlt Produced WI R F  
Water # (ee)  Per t u be Cumu lat ive CPV) (%) 

0 0 0 0 0 0 
1 . 1  1 . 3 0 . 35  0 .35  0 .2  6 .36 
1 .2 1 . 8 0 .25 0.60 0.4 1 0 .9 1 
1 .3 1 .95  0 .00 0.60 0.6 1 0.9 1 
1 .4 2 0 . 1 0  0 .70 0 .9 1 2 . 73 
1 . 5 2 0 .00 0.70 1 .2 1 2 .73  

� 1 .6 5 . 5  0 .20 0.90 1 .9 1 6 .36 V) 
1 . 7 5 0 .00 0.90 2 . 5  1 6 .36 

1 .8 5 . 5  0.00 0.90 3 .2 1 6 .36 

1 .9 1 2  0 .00 0 .90 4 . 7  1 6 .36  

1 . 1 0  25 0 .20 1 . 1 0  7 .9 20.00 

1 . 1 1 5 1  0 . 1 0  1 .20 1 4 .4 2 1 .82 

1 . 1 2  1 0 ] 0 . 1 0  1 .30  27 .3  23.64 

2 . 1  5 . 5  0 .30 1 .60 28 .0  29.09 

:= 2 .2  6 0 . 1 0  1 .70 28 .7  30.9 1 

� 2.3  9 .5  0 .50  2 .20 29.9 40.00 
V) 2 .4  50 0. 1 0  2 .30  36 .3  4 1 .82 

2 . 5  5 0  0.00 2 .30 42 .7  4 1 .82 

0 3 . 1  5 . 5  0 .00 2 .30  4 1 .82 
Ir. 

� 3 .2 1 4  0 .00 2 .30 4 1 .82 
V) 

3 . 3  52  0.00 2.30 4 1 .82 

The results indicated that a significant increase (almost double) in oil recovery could 

be obtained when 1 O-times-diluted seawater was injected, as i l lustrated in figure 3 .22. 
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Figure 3 .22:  Recovery factor versus pore volume injected for 
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Flo ding the core ampJ with more di l uted brine wa also accompanied b a 

ignificant reduction in endpoint effective permeabil ity to water. Figure 3 .23 show 

the \ alue end point effective permeabi l i ty for each injected brine. 
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Figure 3 .23 : End-point effective pemleabi l i ty for LSWF #5 

This could best explain the dissolution phenomenon when it is  put together 

with effluent properties before and after the experiment as l isted in table 3 . 1 4 . 

Table 3 . 1 4 : Effluent properties for LSWF number 5 

U n i t  
SW SW/I O SW/SO 

Parameter 
Befo re After Before After Before After 

p H  log( moIlL) 7.32 7 .08 7 .25 7 .35  6 .70 7 .22 

Tu rbidity NTU 0 7 0 54 0 28 

S uspended Solids mg/L 0 1 1 0 64 0 25 

H a rdness mg/L 285 1 3007 275 1 022 60 986 

Resist ivity mQ-m 77 75 622 39 1 2755  1 75 5  
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imi lar to previous flooding experiments. no specific trend could be found 

bet,,,, een the pH and the crude oil reco ery. Figure 3 .24 shows the pH value of the 

inj cted brines before and after the experiment. 
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\\" 1 0  

- .3:  

sw .s o  
6.-0 

Figure 3 .24:  pH value of effluents for LSWF number 5 

The d issolution phenomenon can be perfectly  justified using the values of the 

brine turbidity and the amount of total suspended sol ids before ( totally transparent with 

no suspended sol ids)  and after, as presented in figure 3 .25 .  

Turbidity and Suspended Solids vs .  Inj ected Brine 
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;:: -+0 a. 

� 40 
(j) 
a. 
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-e "0 
a. en 

::; - 20 ,-... 
'- :3 

1 0  1 0  
OZ 
-S 

0 0 
S\\ V- 1 0  � \\ :0 

_ Turbidit) .00 54 00 28.00 

- <" uspended . ohd. 1 1 .00 64.00 2 5 . 00 

Figure 3 . 25 :  Turbidity and Total Suspended Solids for LSWF nunlber 5 
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The above re ults indicate that the \\-"ater turbidity and total suspended sol id  

increa ed signi ficantly for the 1 O-times-d i luted seawater sample: the injected brine that 

could r ult in max imum oi l  reco ery. This i s  best observed in figure 3 .26. 

w 
Before A fter Before 

SWf l O  

After 

SW/50 

After 

Figure 3 .26 :  Turbidity of the injected brines before and after LSWF #5 

The d issolution hypothesis was also verified USlllg both values of brine 

resistivity and water hardness as presented in figure 3 .27 .  

Change in Hardness & Resistivity vs .  Inj ected Brine 

1 800 50 

1 600 40 

1 400 30 
l> � 20 ;;0 c 
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600 ,-.., 
<: -20 ';f? ......... 

400 -30 

200 -40 

0 -50 
\\ 50 

_ �Hardne,s 5 47 2 7 1 .64 1 543.33 

- .';Rc isti\ lI: -2 60 -37 14  -36.30 

Figure 3 .27 :  Change in Water Hardness and Resistivity for LSWF number 5 
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Th re u l t  indicate that injecting d i luted eawater into the fonnation have 

re ul ted in an increase f calcium concentrat ion and sal in ity of the \ ater. 

3.5.6 LSWF N u m ber 6 ( I W  Fol lowed by SW/ l ) 

Ba ed on the re ults of low sal inity water flooding experiments 1 to 5 .  it i s  

concluded that the highest recovery factor can be obtained when 1 0  times d i luted 

ea\ ater ( with no spike in sul fate concentration) i s  injected into the core plug. The last 

L WF experiment was designed to assess the potential of the selected smart brine in 

increasing the o i l  recovery in a rock that has been already flooded with injection water 

( I W ). The sixth flooding experiment was conducted on core number 9. The results of 

thi L WF experiment are l i sted in table 3 . 1 5 . 

Table 3 . 1 5 : Core flooding results for LSWF number 6 

I njected Tube Wi Veil Produced Wi 
Water # (cc) Per tube Cumu lative (PV) 

0 0 0 0 0 

1 . 1  2 . 2  0.47 0.47 0.3 

1 . 2  1 . 2 2  0 .55 1 .02 0 . 5  

1 . 3  1 . 2 5  0 .23  1 .25  0 .6  

1 .4 1 . 2  0 . 3 8  1 .62 0.8 

1 . 5  1 . 1  0 . 10 1 .72 0.9 

S 1 . 6  2 0 . 1 5  1 . 87 1 . 2  

1 . 7  5 . 5  0 .25  2 . 1 2  1 . 9  

1 . 8  5 0 .10 2 . 22 2 . 6  

1 .9 14 0 . 10 2 .32 4 .4 

1 . 10 1 3 . 5  0 .03 2 .35 6 .2  

1 . 1 1  2 5  0.03 2 . 37 9 . 5  

1 . 12 50 0.08 2 .45 16 .1  

1 . 13 100 0.03 2.47 29 .2  

2 . 1  2 0 . 10 2 .57 29.5 

2 . 2  5 . 5  0.20 2 . 77 30.2 

0 2 . 3  1 3 . 5  0 . 30 3 . 07 3 2 .0 ,...; ..... 
2 6  0 . 10 3 . 1 7  3 5 . 4  S 2 .4 Vl 

2 . 5  50 0.05 3 .22 42 .0  

2 . 6  100 0 .00 3 .22 55 .2  

RF 
(%) 

0 

10.22 

2 2 . 17 

27 .07 

3 5 . 22 

37 .39 

40.65 

46 .09 

48.26 

50.43 

50.98 

5 1 . 52 

5 3 . 1 5  

53.70 

55.87 

60.22 

66.74 

68.91 

70.00 

70.00 
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Re ult indicate that injecting 1 0  time di luted seawater could increase the 

reco er factor b more than 1 5%. Thi can be be t visual ized in figure 3 .28.  

80 
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� I \\ 
........ :0 

c 

� 40 

� 30  

20  

1 0  
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0 1 0  20 30 
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40 

') \\ 1 0  

50 60 

Figure 3 .28 :  Recovery factor ersus pore volume injected for LSWF number 6 

F igure 3 .29 shows the values of end point effective permeabil ity for the 

i njected brines. 
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1 6  

1 4  

1 2  

� I O 
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\\ 1 0  IW 
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Figure 3 .29: End-point effective permeabi l i ty for LSWF #6 
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The re u l t  of end-point effective permeabil ity along with the mea ured 

propertie of effluent ( presented in table 3 . 1 6) can be used to justify the d issolution 

mechani m behind the incremental oil recovery. 

Table 3 . 1 6 : Effluent properties for L WF number 6 

Para meter 
IW SW/1O 

Uni t  
After Before After Before 

pH log( ll1ollL) 6.60 6.45 6.25 7 . 6 1  

Tu rbid i ty TU 6 1 1  0 55 

S uspended Solid 1l1g!L 0 15 0 68 

H a rd ness 1l1g!L 24220 23657 275 1058 

Resist iv ity 1l1.Q-1ll 3 5  36 622 3 18 

imi larly. no relation between the brine acidity and incremental oi l reco ery was 

ob erved as presented in figure 3 . 30 .  

pH v s .  Inj ected Brine 
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Figure 3 . 30 :  pH value of effluents for LSWF number 5 



56 

The igni ficant increase in turbidity and the amount of total su pended sol ids 

in the ] O-time -di luted eawater j ustified the rock dissolution occurrence. Figure 3 . 3 1 

how the re ult of turbidity and total suspended solid in the injected brine . 

Turbidity and uspended ol id \" . Injected Brine 

60 -() 

50  60 [/J 0::: � "0 
:::: �o 50 " 

R z " �o a. 
.=:' 30 [/J 
- 30 � 
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:0 3 

1 0  1 0  � .:....-
0 0 IW S'" l :l  

- Turbldif! 1 1 .00 5 5 .00 
- Suspended Solld, 1 5 .00 6 .00 

Figure 3 .3 1 :  Turbidity and Total Suspended Solids for LSWF number 3 

The same conclusion was obtained when the alues of water hardness and brine 

re i st ivity were compared, before and after the flooding experiment as shown in figure 

3 . 32 .  The sal inity and calcium concentration significantly  increased during the S W  /1 0 

flooding experiment. 
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Figure 3 . 32 :  Change in  Water Hardness and Resistivity for LSWF 
number 3 
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3.6 pontaneou I m b i b ition tud ie 

The low acid number ( ) value of the oil  and the insignificant effect of sulfate 

spiking on oi l  recover induced us toward conducting the spontaneous 

imbibition/drainage experiments to evaluate the effect of di lution exclusively. As 

pontaneou e periments are usual ly highly affected by rock heterogeneity. three 

imbibition experiments were conducted on cores samples number 5, 1 6  and 24 in the 

anle temperature and pres ure conditions. Al l  three cores were sequential ly placed in 

injection ater ( I W).  W and SWI l O. The results of the spontaneous imbibition 

experiments for a l l  three core samples are l isted in table 3 . 1 7 . 

Table 3 . 1 7 : Results of spontaneous imbibition experiments 

Com ulat ive Core #5 Core # 1 6  Core #24 Day Bri ne 
Day RF Volume RF Vol u me R F  Vol ume 

0 0 0 0 .00 0 0 .00 0 0.00 

1 1 0 .2 5 . 1 3  0 .075 2 . ] 4  0.05 1 .25 

2 2 0.4 1 0 .26 0 . 1 5  4 .29 0 . 1 2 .50 

3 3! 
- 3 0 .5  1 2 .82 0.2 5 . 7 1 0. 1 5  3 .75 

5 5 0 .6 1 5 J 8  O J  8 . 57  0 .2  5 .00 

8 8 0 .7  1 7 .95 0.3 8 .57  0 .2  5 .00 

1 0  1 0  0 .7  1 7 .95 OJ 8 . 57  0.2 5 .00 

1 1 1  0 .85  2 1 .79 0 .375  1 0 .7 1 0 .275 6 .88 

3 1 3  0 .95 24 .36 0 .45 1 2 .86 0 .325 8 . 1 3  

5 3! 1 5  1 .025 26.28 0.475 1 3 . 5 7  0 . 3 5  8 .75  C/) 
8 1 8  1 .075 27 .56  0 .5  1 4 .29 0 .375 9 .38 

1 0  20 1 .075 27 .56 0 . 5  1 4.29 0 .375 9 .38 

1 2 1  1 . 1 6  29. 74 0 .59 1 6 .86 0.445 1 1 . 1 3  

3 0 23 1 .225 3 1 .4 1 0.66 1 8 .86 0.475 1 1 .88 
-

1 .255  32 . 1 8  0 .68 1 9 .43 0 .5 1 5  1 2 .88 5 
-... 

25  3! 
8 C/) 28 1 .275  32 .69 0 .7  20.00 0 .525 1 3 . 1 3  

1 0  3 0  1 .275 32 .69 0 .7  20.00 0 .525 1 3 . 1 3  

1 3 1  1 .29 3 3 .08 0.715 20.43 0 .54 1 3 .50 

3 0 3 3  1 .3 1  3 3 .59 0.735 2 1 .00 0 .56  1 4 .00 
V) 

1 .3 2  3 3 .85 0.745 2 1 .29 0 .57  1 4 .25 -... 3 5  5 3! 
8 

C/) 3 8  1 .325 3 3 .97 0.75 2 1 .43 0.575 1 4 .38 

1 0  40 1 .325  33 .97 0.75 2 1 .43 0 . 575 1 4 .38 
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Figure 3 .3 3  provide a graphical representation of  spontaneous imbibition 

tudie . 

Recovery Factor vs. Time 
·w 
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1 0  
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0 
0 5 1 5  20 25 30 35 -+0 

Time (da) ) 

Figure 3 . 33 : RF as a function of time for various spontaneous imbibit ion experiments 

The results spontaneous imbibition experiments indicate that the di lution of the 

i njected brine can alter the wettab i l i ty toward a more oi l -wetting state and posit i  ely 

effect on the oil recovery. It was observed that the ten-times-di luted seawater can 

i ncrease the o i l  recovery by 7 to 1 5%. Moreover, excessive di lutions of the seawater 

showed no significant effect wettabi l ity al teration. 
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Chapter 4: Co nclu ion and Reco m mendati o n  

.t. ! ondu ion  

Based on the re ults of the experimental work conducted, the fol lowing 

conc lu ion were made : 

1 .  Ba ed on the results of the static studies of 1FT and contact angle measurements. 

eawater was found to be the optimum smart water. I ncreasing the sulfate 

concentrat ion resulted in a further reduction of interfacial tension between oi l  and 

water. 

2 .  The 1 0 \  sal in i ty water flooding experiments were conducted on core plugs that 

were in intem1ediate-wet state. The wettabi l i ty of the cores was explained by the 

low acid number of the oi l  (0 .07 mg KOHIg of o i l )  and the results of oi l  flooding 

experiments after 40 days of aging at 80 °C. 

3 .  p iking the sulfate content o f  seawater showed no effect on wettabi l ity alteration. 

This  was j ustified by the first four sequential LSWF experiments conducted at 

reservoir temperature (255 OF)  conditions. 

4 .  Low salin ity water flooding showed a positive potential in increasing the oil  

recovery for Asab o i l  field.  This conclusion is  based on the results of the fifth 

L WF experiment. The incremental recovery obtained by injecting low sal inity 

brine was significant as it could approximately double the volume of oi l  produced. 

5 .  Thin  section examination studies showed that the rock samples are composed of 

nonskeletal alochem grains that are cemented together with sparry calcite. 

6. The mechan ism behind low salinity water flooding was found to be rock 

dissolution. The d issolved minerals seem to be the calc ite cement in the rock 

structure. 
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7 .  b o lute permeabi l i t  of the core samples that were flooded by low alinity \\'ater 

fl oding ( 50-60 pore olume injected ) was increase b a factor of 8 to 1 0 . Rock 

d issolution wa sugge ted to be the reason behind this observation. 

8 .  The 1 0  times di luted eawater (6250 ppm) was shown to  have the optimum sal inity 

and could re ult in 1 5% extra oil recovery when it was injected in the tertiary 

recovery stage. 

9. Farther d i lutions \ a found to be unnecessary as they could not result in  any 

incremental o i l  reco ery. 

1 0 . 0 correlation between the acidity of brine and o i l  recovery could be concluded. 

1 1 . The results of pontaneous imbibition experiments indicated that di lution can alter 

the wettabi l i ty of the rock toward a more oi l -wett ing state. Oi l  recovery was 

i ncreased by 6 to 1 5% for various core plugs when the ten-times-di luted seawater 

was used. I t  was also observed that the fifty-times-di luted seawater did not result 

in any significant impro ement in the oil recovery . 

4.2 Reco m m end ation 

1 .  Further experiments should be conducted to study the effect of sulfate 

concentration on core p lugs that are saturated with oi l  that have high acid numbers. 

2 .  To study the d issolution process, i t  i s  recommended to  monitor the pressure drop 

across the core continuously and measure the ionic composition and TSS of the 

effluents at d ifferent pore volumes injected. 
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Appe n d i x  A: Bri ne Calculati o n  

The ionic composition of al l  W, FW and IW were measured and reported by 

D OC u ing ICP ( ana ion ) and Ion chromatography ( for cataions). Ionic balance 

calculation were then attempted to balance the brine compositions prior to brine 

preparation . The balancing was done using addition or subtraction of either Sodium 

or Chlorine ion . as they have proven to be non-determining ions in wettabi l ity 

alterat ion (Alotaibi et a 1 . ,  20 1 0) .  The calculations were done using regression analysis 

to achieve the "perfect"' ionic balance value of l .0 .  Table A . l shows the exan1ple 

calculat ion for seawater: 

Table  A . I :  Example ionic balance calculation for seawater 

CATIONS ANALYSE D  ANIONS ANALYSED CATIONS ANALYSED ANIONS ANALYSED 
(mg/L) (mg/L) (meq/L) (meq/L) 

Na+ 19,054.00 CI - 3 5,835.77 Na+ 0.8288 CI -

Ca++ 690.00 504 - 3,944.00 Ca++ 0.0344 S04 -

Mg++ 2 , 1 3 2 .00 H C03 - 123 .00 Mg++ 0 . 1 754 HC03 -

K+ 672 .00 C03 - K+ 0.0172 C03 -

Ba++ O H 3- Ba++ OH3-

Fe++ 1- Fe++ 1-
5 r++ 0.00 N03- 0.00 Sr++ N03-

Li+ B r- 0.00 Li+ Br-

Sum 1 . 06 Sum 

Ratio of Cations to Anions => 

The amount of salts required to prepare the water with the specific ionic 

compositions was then calculated using an excel spreadsheet previously developed by 

Core Laboratories I nternational. Table A.2 shows an example of these calculations for 

seawater. The most right hand column of the tables represents the order of salts added 

( start ing with d ivalent less electronegative ions and ending with NaCI) .  

1 .0108 

0.0411 

0.0020 

0.0020 

1.06 

1 
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Table .2: E. ample calculation of the salts needed to prepare ea\ ater synthetically 

Wel l :  SB-0567 

F ie ld :  Asab 
Formation:  

Location: 

Wt. of 10.078cc Br ine:  

Concentration (ppm):  
Specific G ravity 
(gm/cc) :  

CHEMICALS 

NaHC03 (Anhy) 

Na2C03 (Anhy) 

N a2S04 (Anhy) 

NaCI 

CaCI2 (Anhydrous) 

CaCI2 2 H2O 

MgC12.6H20 

KCI 

SrC12.6H20 

LiCI  

BaC12.2H20 

CaCI2 6 H2O 

UAE 

10.47891 

60,061 

1 .0398 

1 LITRE 

mg 

169.35 

0.00 

583 1 .99 

4 3520.06 

1 9 10 .68 

2 530.99 

17833 .33 

1 2 8 1 .30 

0.00 

0 .00 

0 .00 

377 1 . 54 

1 LITRE 

gm 

0 . 1 7  

0.00 

5 .83 

43 .52 

1 . 9 1  

2 . 53 

17 .83 

1 . 28 

0 .00 

0.00 

0.00 

3 .77 

2 LITRE 

gm 

0.34 

0 .00 

1 1 .66 

87.04 

3 .82 

5 .06 

35 .67 

2 . 56 

0.00 

0.00 

0.00 

7 . 54 

Sequence 
5 

3 

6 

2 

1 

4 
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Appe n d i x  B :  Bri ne Preparat i o n  

The fol lo",- ing pr  cedure has been used for preparation of brine: 

1 .  Prepare a volumetric fla k washed with Deionized water. with the required volume 

1 .  2 or 5 l iter . 

2 .  Fi l l  half of the volumetric flask (appro imately) with deionized water. 

3 .  Carefully place a magnetic stirrer i n  the flask and place the flask on the stirring pad 

and switch it on. 

4. Use a funnel to add the required amount of salts fol lowing the orders on the excel 

spreadsheet. 

5 .  F i l l  the volumetric flask to  the required olume of  1 ,  2 o r  5 l iters ( taking the volume 

of the stirrer into account) .  

6. Keep stirring unt i l  al l  the salts are dissolved. 

7. Prepare a c lean side-arm flask, a vacuum l ine,  fi ltration fUImel and 5 11m filter paper. 

8 .  Gentl place a magnetic stirrer in the side-arm flask. 

9. Place the fi lter paper on the fi ltration funnel and gently pour the brine in the funnel 

as presented in figure B . l .a. Make sure that the sufficient vacuum pressure is  

applied through side-arm of the fl ask and the stirrer is  on. 

1 0. When brine i s  completely transferred, remove the funnel and place a rubber bung 

on top of the side-arm flask as presented in figure B . l .b. Tum both the vacuum and 

stirrer on for 2-3 minutes. 

1 1 . Qual ity check the prepared brine by measuring the resistivity of the brine and 

comparing it with the equivalent NaCI resistivity at room temperature(Tiab & 

Donaldson, 20 1 6) .  
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a) b) 

Figure B . 1 :  a)  Brine fi ltration. b )  Brine degasi fication 

L. Mea ure the density and iscosity of the prepared brine using a Pycnometer and 

Canon-Fenske respectively. 

1 3 . Pour the prepared brine in a sealed container and label it accordingly. 



D i l u t ion 

A p pend i x  C: D i l ut ion and u ) fate Spiking 
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Al l  the d i luted waters were prepared using seawater as the base water of the 

d i lut ion. The calculations were done using the d i lution equation as fol lows: 

C1 V1 = C2 V2 

Where: 

C 1 = concentrat ion of the sea water ( ppm) 

VI = required volume of seawater (ml )  

C� = required concentrat ion of the new solution (ppm) 

V2 = required olume  of the new water (ml )  

Sulfate Spiking 

The spiking was done by adding of sodium sulphate (Na2S04)  sal t .  Although 

the addit ion of sulfate in the form of sodium sulfate increases the amount of sodium in 

the solution. this increase was insignificant as sulfate has pro en to be a non­

determini ng ion in wettabi l ity alteration (Alotaibi et a l . ,  20 1 0) .  Molar masses of 

sodi um and sulphate are 23 glmol and 96 g/mol. respecti ely. This  means that 1 mole 

of Na2 04 weighs 1 42 g/mol .  In  other words, 0 .479 grams of Sodium ion is added to 

the solution per gram of spiked sulfate. Two-time and six-time spikings were prepared 

based on the 885  mglL of sulfate avai lable in the formation water .  
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T, o-t i m e  0-, piking:  Having th eawater or any di luted brine twice-

piked mean that the concentration of the sulfate was increased b 1 ,770 mg/L (the 

multipl ier i 885mg/L of ulfate ion FW) of sulfate ion. In other word. the hvice S04 

piking wa accomplished by addition of2 .6 1 8  mglL of sodium sulfate to the solution. 

Six-t i m e  O .t  Spiking:  ix-time sulfate spiking means that the concentration 

of u lfate in the brine i increased by 5 ,3 1 0  mg/L of sulfate ion. Six-time spiking was 

achieved b the addition of 7,854 grams of sodium sulfate into the original solution. 
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Append i x  D :  Core Preparation 

Core Clea n i n g  and Dry ing 

soxhlet extraction apparatus ( shown in figure D. l )  is  used to extract the 

oi l/brine from the core sample . In this method. toluene is gently boiled from a Pyrex 

fla k: the vapor of toluene mo es upward and condenses. The core plug is then 

ubmer ed in the conden ed toluene. When the level of the condensed fluid reaches 

the top of the siphon tune arrangement, the condensed toluene inside the soxhlet tube, 

are automatical ly emptied to the boi l ing flask ( using siphon effect). 

F igure D. 1 Soxhlet apparatus used for extraction of the fluids 



T2 

11 core amples were kept in toluene ( to extract the oil ) and methanol ( to extract the 

brine and alt ) .  The c leaning is  continued unt i l  not traces of oil can be observed under 

the V l ight. The fol lo\ ing procedure is used for core cleaning with soxhlet apparatus. 

1 .  ample i placed in the soxhlet .  

2 .  oxhlet i then connected to the boi ling flask. 

The extracting fluid i poured into the soxhlet unt i l  the syphon level ( this is repeated 

for at least 3 time /cycles). 

4. Connect the soxhlet to the condenser and make sure the water i s  running through the 

conden er. 

5 .  P lace the set-up on the heating mantle and provide enough heat unti l  a proper 

condensation rate is achieved. 

6. top the soxhlet when the core is  completely clean and no extra fluid can be extracted 

(usuall y  after a duration of 7 to 1 0) days. 

7 .  P lace the cores in  the 0 en at a temperature of 1 50 °C degrees ( for sandstone cores, 

the temperature should be less than 1 00 °C) for 2 to 3 days. 
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ore atu ration 

method \\ hich i a combination of vacuum and pressure i s  used to saturate 

the ore plug with the formation brine. The apparatus in figure IV .2  is  used in this 

tage of the experimental work . 

Figure D . 2 :  Core saturation equipment 

Vacu u m in g  

e # I :  Vacuum Valve 

e #2:  Prefi l l ing valve 

e #3: Pressure alve 

In this stage of saturation experiment, acuum pressure is used to empty the air 

from the pore space of the core plug. 
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J .  In order to u e Ie olume of formation water. fill half the saturation cyl inder \\ith 

core plug that \: on ' t  be u ed in the study. 

2 .  over the cores \ ith the formation brine completely. 

3 .  La) the core that are to  be  saturated, on  the cores that are used to fi l l  the dead 

volume of the cyl inder. Make sure that the cores are dry and completely out of the 

brine. 

4 .  Put the l id of the chamber and close valve 2 and 3 

5 .  Open the valve # L connect i t  to the vacumll stream and let i t  nm over night. 

P re s u rizi ng 

After applying the vaculUll pressure for an overnight. the chamber is  

completely fi l led and pressurized with fom1ation brine. The fol lowing is the procedure 

used for pressurizing the core plugs with formation water. 

1 .  C lose the vaculUll val e and pressure valve. 

2 .  Put the prefil l ing source in  the container fi l led with enough brine and then open the 

prefil l ing valve. 

3. Wait for 20-30 minutes for the chamber to get fi l led with its original vacuum 

pressure. 

Note: that this pressure of - l atm is only enough to saturate the larger pores of the 

core. In order to saturate the pores with very small radius, we need to increase the 

pressure of the chamber to approximately 3000 psi . Capil lary pressure equation 

shows that in order to fi l l  pores with smal l radiuses we need to impose high 

pressures: 

2CI. case 
Pc = 

--r-=-z -

To pressurize the cel l  the injection pump shown in figure IV.3 was used: 



- O = :: .:::J =- _- c:::: ••• - _ :o x  0 .., •••• 
-- .. = _ 0 •••• 

Figure D . 3 :  Injection pump 

4 .  Close the " outlet" valve and open the "inlet' valve. 
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5 .  Press " RUN" to  empty the storage chamber of  the injection pump from dist i l led 

water. 

6. Put the outlet or "refil l ing" l ine in our brine bottle (or container) and press 

" REFILL". until you see a message on the screen saying "FEFILLING 

COMPLETE". 

Note: In case of refil l ing in the middle of the process, make sure you F IRST close 

the outlet valve and then open the inlet valve. This is to prevent the back flushing of 

the water from the pressurized saturator to the refi l l ing source. 

7 .  C lose the "inlet" val e and open the " outlet" Valve. 

8 .  Connect the outlet of the injection pump to  the pressure valve of the saturator (valve 



#3 ) 

9. CIa e all the val e of the aturator (val e 1 & 2)  and open alve #3 
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1 0 . hoo one of the "can tant pressure·' or " constant flowrate" methods and set your 

pre ure or flow rate accordingly. Figure IV.4 shows the pump control ler of the 

injection pump. 

F igure D.4 :  Pump control ler of the injection pump 

1 1 . Press run to fi l l  and pressurize the saturator chamber to the required pressure of 3000 

pSlg 

ote : Every once in a whi le. open the valve #2 of the saturator to bleed-of the air in 

the chamber. One RUN may not be enough. so it  is usual ly required to refi l l  the 

injection cylinder and run the injection again . 

1 2 . I t  i s  recommended to : 

Up to 2700 psig with 25 cc/min 

Up to 3000 psig with constant pressure 

1 3 . Once the pressure of 3 000 psig is achieved, close the pressure valve of the saturator 

and let it stay under high pressure for a day. 

1 4. Empty the cyl inder of the injection pump and refi l l  it with DI water. 



Appe n d i x  E :  Poro i ty a n d  Per meabi l ity Measurement 

Poro ity and Permeabi l ity M ea u rement U iog i trogeo Ga 
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The inci PoroPem1 Instrument ( shown in figure V . 1 )  is  used to measure the 

density, poro ity and permeabil ity of the core sample using ni trogen gas . 

Figure E . l :  PoroPerm instrument used for porosity and permeabil ity measurement 

Porosity Measurement :  The ideal gas law is used to calculate the pore volume 

and eventual ly ,  the grain density. A cell  with a known volume is flIst fi l led with 

nitrogen gas and the pressure is recorded as Pref. It is  then connected to another cell 

containing the core plug, with an "unknown volume" ( pore volume). The new pressure 

is measured as Pexp and is used to find the unknown volume (pore volume). The 

procedures to measure porosity is as follows: 

1 .  Connect the plastic pressure input to the nitrogen gas cyl inder. 

2. Gently open the valve on the nitrogen cyl inder unt i l  a pressure of 

approximately  1 50 psia i s  read on the gauge. Do not apply any confining 

pressure (confining pressure valve should be on Vent) .  

3 .  C l ick o n  "Update Palm" to update and recalibrate the pressure sensors. 



4 .  Place the core sample into the cell  and fi l l  the gap with the provided bi l lets. 

5. elect "GV+PV" and " 0 penneabi l ity measurement". 
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6. The onl t\.\O valves u ed during Porosity mea urements are Source valve and 

Matrix  valve : 

a. ourc valve should always be "ON" 

b. Matri val e i opened/closed during the test 

7 .  Keep the cel l separated. 

8.  I nput the fol lowing infomlation into the sofu, are : 

a. Report name 

b. Operator name 

c .  ample name 

d. Weight (gram) 

e .  Diameter (mm) 

f. Length (mm) 

g. ample # 

h .  umber of bi l lets used 

9.  Press " ST ART': Grain volume i s  calculated based on the dimensions. 

1 0 . Press " YES" (after checking the TO DO l ist) :  The first cell is  fi l led with gas 

( pressure bui ld up) and the cel l pressure is then reported as "P rer" 

1 1 . Tum the MATRIX CUP valve to "pressure" and press "OK". 

1 2 . Tum the MATRIX CUP valve to " Vent" and press "OK'. 

Pexp is then stabi l ized and recorded to calculate pore volume and grain density 
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Perm ea b i l ity mea u rement : The PoroPerm in trurnent can also be used to 

mea ure th permeabil i t  of  a core ample using nitrogen gas. The software provided 

b) inci Company has a bui lt- in function to accounts for the sl ippage and Kl inkenberg 

effect , and corrects the permeabi lity values automatical ly. The procedure to measure 

p nn abi l i ty i s  as fol low : 

Connect the pre ure input of the instrument to the gas cyl inder and apply a 

confin ing pre ure of 3 50-400 psia. 

:2 elect ·, 0 Volume Measurement" and "Kg Autoflow" on the screen. 

3 The only valve u ed during permeabil ity mea urements is the "Confming 

Pressure" valve. The position of other alves should always be as: 

a. Source valve should be "0 " 

b.  Matrix valve on "VENT" 

c .  F low valve on  "FPR WARD" 

4 C l ick on "Update Palm" to update and recalibrate the pressures sensors. 

5 I nput the fol lowings into the software : 

a.  Report name 

b. Operator name 

c .  Sample name 

d .  Diameter (mm )  

e .  Length (mm)  

f. Sample # 

6 Load the core plug in  the cel l  and c lose it tightly . 

7 Open the inlet and outlet valves. 

8 Apply the confining pressure of 3 50-400 psi by tuming the " CO FINING 

P RESSURE" valve to "PRESSURE". 
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9 Pre ., T RT', an e. cel preadsheet \i i l l  open and the dimensions and data 

wi l l  be recorded. 

1 0  Pre "YE ' (after checking the TO DO l ist) .The flow starts and it is scanned 

automatic al l each 1 5 -30 seconds. 

1 1  The oftware will report the calculated K value when it has stabi l ized . 

Permeabi l ity M ea u rement  Using Water Flooding 

Core-holder and the core-flooding apparatus can be uti l ized to : 

• Measure the absolute permeabi l i ty by injecting brine in a core sample of fully 

saturated brine ( II of 1 00%) 

• Measure the recovery factor for vanous secondary/tertiary oil reco ery 

techniques 

• Construct the relati e permeabi l i ty curves 

• Etc . . .  

The flooding can be carried out using a conventional core holder shown i n  figure E .2 :  

F igure E.2 :  Conventional core-holder 
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Perm a b i l i ty mea u rement The procedure u ed for measurement of ab olute 

penneabi l ity i as fol lo\\l : 

1 .  ently place the core sample (at w of 1 00%) in the sleeve. 

2 .  Place the flood head at one end and the end-stem at the other end of the core. as 

hov\'11 in figure E.3 .  

. - . 
'_ 0 �_\ 

. � 
,....... . ""'- O>--L-·L. � 

Figure E .3 : A complete set-up of flood head. end-stem, core plug and sleeve 

3 .  Lubricate the end-stem with some hydraul ic  oi l  and place the above set-up into the 

core holder gently (to save time, you can also pure about 1 0  ml of hydraul ic  oi l  in 

the core holder before loading the set-up) 

4.  Tightly c lose the the cap of the core holder 

5 .  Apply overburden pressure of 800 PSI  

6 .  Connect the injection pump to one inlet of the flood-head and start the injection at 

a constant flowrate of 2cc/min.  

7 .  C lose the second inlet on the flood-head after you observe the water coming out of 

the second inlet. TillS is  to bleed-off the air in the core holder as shown in figure 

E . 3 .  

\ � 
,;, �-. ... � ' .l . � . .. -i"1i.. .. 

• ' . .!.liil 
a) b)  

Figure E.4 :  a)  Bleeding-off the air  from the core holder. b)  C losed flood-head 
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8 .  Ob er  e the injection pressure on  the creen of the injection pump and report it 

\\ hen it stabi l izes. 

9. t P the injection pump 

1 0 . n load the core ample 

1 1 . Relea e the overburden pre sure by opening the valve on the hydraulic pump 

1 2 . Open both inlet of the flood head then open the cap. 

1 3 . T remove the leeve along with the flood-head and end-stem, c lose the val e on 

the overburden pre sure pump and pump some hydraulic oi l  into the core holder. 

The ab o lute permeabi l i ty to the l iquid is then measured as: 

14700 * QIlL 
K = A * !1P 

Where : 

Q :  Injection rate (ml/sec) 

W V i scosity of the injection fluid (cP)  

L :  Length of the core (em) 

A :  Cross Sectional area of  the core (m2) 

tlP : Pressure across the core 

Example calculation ( for sample 1 ) : 

K = 
14700 * (2/6�) mlls * 1 .04cP * 5 . 1 58cm 

= 
23 .04 mD 

3.811 * IT (cm2) * 1 0psi 
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Append i x  F :  1 FT and Contact Angle Measurement 

1 FT M ea u re m en t  

1 1  Interfacial Ten ion ( 1 FT)  Values o f  oi llbrine were measured by the pendant drop 

t chniqu u ing the Tecl i s  Tracker as shown in Figure F . l .  Interfacial tension 

mea urem nt are carried out at high temperature conditions using the HTHP cell  

provid d with the instrument. 

F igure F . I :  Tec l i s  Tracker instrument 

The provided cel l  capable of withstanding high pressure and high temperature 

IS used. The 90 DC conditions were set whi le  maintaining the cel l  pressure at a 

maximum of250 psia using nitrogen gas. Tracker makes use of the axisymmetric drop 

shape analysis (ADSA) teclmique to find the interfacial tension by fitting Laplace 

equation. The procedure fol lowed for 1FT measurements is  as fol lows : 



1 .  beak r i fi l led with 25m! of brine as shown in Figure F .2 .  

Figure F .2 :  Beaker of Tecl i s  Tracker 

2 .  The inj ection s ringe i s  fi l led the crude oi l  (fi l tered and degasified), and U­

type needle is  connected to  the syringe. 
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3 .  The syringe and beaker are then placed on i n  the stand as shovm in figure F .3 .a .  

4. The stand i s  then placed in the HTHP cel l  ( shown in figure F .3 .b) and it is  

t ightly  closed. 

5 .  The cel l  i s  placed o n  the pre-specified place o n  the instrument and the position 

i s  adjusted the position so that only the tip of the needle is shown on the camera 

6.  Connect the heating jackets, nitrogen cylinder and temprature probe to the 

cel l .  

7 .  Open the camera window with the software, and inject 2-3 drops o f  oil  by 

operating the pump manual ly .  This is  to el iminate the possibil ity of ha 1l1g aIr 

bubbles in the o i l  drop. 
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a b) 

Figure F.3 :  a)  ringe and beaker placed in the stand . b) HTHP cel l  

8 .  Open the Tec l i s  tracker software and run the experiment after entering the exact 

densities of the crude o i l  and brine, and volume of the drop. The drop volume 

hould be et at a volume l ightly  less than the intended volume to account for 

them1al expansion. 

9.  Apply the pressure of 200 psia and increase the temperature step by step up to 

90°C . 

1 0 . Run the measurement unti l a stabi l i sed IFT i s  obtained . 

Contact Angle Measure m ents 

The Tecl is-Tracked i nstrument is used to measure the contact angle manual ly 

for 72 hours. The advantage of the fol lowing technique is  that the spontaneous 

drainage is observed throughout the experiment. The fol lowing is the procedure for 

contact angle measurement : 

1 .  The c leaned trim-ends are placed in the filtered crude oi l  and aged at 90°C for 

three weeks. 

2 .  The aged sample i s  then placed in the beaker fi l led with brine. Make sure that 

there are no air bubbles on the rock surface. 



Place the beaker and the empty syringe in th stand. 

4.  Place the tand in  ide the ce l l  and close it tightl . 
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S .  dju t the po ition o f  the cel l  s o  that the camera only shows the upper surface 

of the trim-end . 

6. Connect the heating jacket , ni trogen c l inder and temperature probe to the 

cel l .  

7 .  Open the Tec l i s  tracker software. and set the setting to take pictures o f  the rock 

surface every 20-30 minutes. 

8 .  Apply the pressure of 200 psia and increase the temperature step by step up to 

90°C . 

9 .  Monitore the contact angle for 72 hours . 
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Appe n d i x  G: H i gh Temperat ure Spo n taneo us I m bi bition 

mmot pontaneou imbibition tests were conducted u ing the HTHP cel ls  

provided by Vinci -Technologies ( France) as shown in figure 0 . 1 

Figure G . 1 : Experimental set-up of the spontaneous imbibition 

The fol lowing procedure is  fol lowed to conduct the spontaneous imbibition 

experiments . 

1 .  Place the core sample in the glass container of the an10tt tube 

2 .  F i l l  the container with brine 

3 .  P lace the graduated cyl inder o f  the amott cel l  on the glass container and close it 

t ightly using the metal c l ip 

4 .  F i l l  the cel l with brine from the top o f  the graduate cylinder ( leave some volume 

for expansion of the fluids as the result of high temperature ) 

5 .  C lose the cap o f  the graduated cyl inder 

6. P lace the cel ls  in the oven 

7 .  Report the o i l  recovery a s  a function time 
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Appendi x  H:  Core Flood i ng 

Oil  flood ing 

ft r brin saturation, al l  cores are flooded with the reservoir oi l  until no more 

fomlation brine i produced . At the end of the core flooding experiment, core plugs 

are at the initial \ ater saturation ( \\1 ) conditions. Figure H . l shows the PFD of oi l  

flooding experiment. 

o 
I 
L C on fi n i ng Pressure 

itrogen Cyl inder 

Facti on Col lector 

Figure H . l :  Process flow diagram of oi l -flooding experiment 

The procedure for the o i l  flooding experiments is simi lar to the procedure 

explained for permeabi l ity measurement using water (Appendix E ) . Core flooding is 

conducted using the fol lowing procedure. Only differences between water-flooding 

and o i l -flooding experiments are : 

8 .  Gently  place the core sample (at Sw of  1 00%) in the rubber sleeve. 

9 .  Place the flood head at  one end and the end-stem at the other end of the core. as 

shown in figure H .2 .  
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1 0 . Lubricate the end- tern with orne hydraul ic oi l  and place the sleeve into the core 

holder gently 

1 1 . Tight ly clo e the Cap of the core hold r 

1 2 . pply overburden pres ure of 800 P I 

1 3 . Connect a pres ure regulator valve to the end-stem as shown in figure H.2 .  Keep 

the back pres ure val e c losed completely. 

/ 
F igure H.2 :  Back pressure valve connected to the end-stem 

1 4 . Connect the o i l  container at the back of the core holder to the nitrogen cylinder and 

apply a pressure of 400 psig. 

1 5 . Connect the outlet of the pressurized oil container to one inlets of the flood-head . 

1 6 . C lose the second inlet on the flood-head after you observe the water coming out of 

the second in let . This i s  to b leed-off the air in the core holder as shown in  figure 

E .4 .  

1 7 . Open the o i l  injection valve completely whi le  the regulator valve on the end-stem 

i s  sti l l  c losed. This  is to bui ld  up the pressure inside the core and ensure the flow 

stabi l ity. 

1 8 . Gently open the back pressure valve unt i l  a proper production rate (approximately 

one drop of effluent every 3 seconds) is  obtained. 
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1 9 . 01 1  ct the produced effluents and report the cumulati e volume of the produced 

brin . 

20.  ontinue the o i l  Dood unt i l  no more bline i produced. 

2 l .  top the i njection pump 

22 .  nl ad the core ample 

23 .  Relea e the ov rburden pressure b opening the alve on the hydraulic pump 

24.  Open both i nlet of the flood head then open the cap of the core holder. 

2 5 .  To remove the slee e along with the flood-head and end-stem, c lose the valve on 

the overburden pressure pump and pump some bydraulic oi l  into the core bolder. 

The initial water saturation of the core plug is calculated as: 

Where : 

P V - Vwater 
Swi = PV 

PV i s  the pore volume calculated using saturated weight of the core sample (Appendix 

D )  

V\\ ater is  the cumulat i  e volume of  the produced brine at the end o f  o i l  flooding 

experiment (column 6 in  table 3 . 5 )  

S\\ I  is  the in it ial  water saturation (column 7 at table 3 . 5 )  

01 i s  the initial o i l  saturation (colum n  7 at table 3 . 5 )  
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i l  Dooding experiment i s  usual ly reconducted after aging of the core plugs to 

evaluate any \vettabi l i ty alteration due to ageing. Producing more water after aging 

would mean that the wettabi l i t  of the rock has mo ed toward a more oi l -"wetting state. 

Low a l in ity Water Flood ing Experi ments 

The aged core plugs were are flooded with various brines to evaluate the effect 

of d i lution and sulfate spiking on oi l  recovery. The low salinity water flooding 

experiments were all conducted at reservoir temperature of 255 DF ( 1 23 DC). Figure 

V I l l A  shows the complete set-up of LSWF experiment . 

F igure H . 3 :  Experimental set-up of the Low sal inity water flooding 

LSWF experiments a re cond ucted us ing the fo l lowing proced u re. 

1 .  Gently place the aged core sample ( in  SOl) in the rubber sleeve. 



n 

2 .  Place the flood head at one end and the end- tern at the other end o f  the core. as 

hov,n in figure E . 3 .  

3 .  Lubricate the end- tern with some hydraul ic o i l  and place the sleeve alone with the 

flood head and end-stem into the core holder gently 

4 .  Tightl clo e th cap of the core holder 

5 .  Apply 0 erburden pressure o f  800 PSI 
6 .  dj ust the back pressure regulator valve to a pressure of 1 50 psig. and connect to 

the end-stem. 

7 .  Wrap the core holder with the heating tape and cover it with aluminum foi l .  

8 .  Increase the temperature o f  the core holder stepwise ( steps 0[ 20 0c ) 

ote : The over burden pressure of the core holder should be continuously 

monitored, as the increase in the temperature results in the expanding of the 

hydraulic oi l  in the cel l .  

9 .  F i l l  the i njection pump with the injected brine (as explained i n  Appendix V )  

1 0 . Connect outlet o f  the injection pump t o  one inlets of the flood-head . 

1 1 . C lose the second inlet on the flood-head after you observe the water coming out of 

the second i nlet. Tll is i s  to bleed-off the air in the core holder as shown in figure 

E A .  

1 2 . Operate the i njection pump at the constant injection rate o f  2 cc/min and start the 

stop watch .  

1 3 . Col lect the produced effluents and report the time, the pressure and the volume of 

the produced o i l .  

1 4 . Continue the o i l  flood unt i l  no more brine is  produced. 

1 5 . top the injection pump 

1 6 . Empty and refi l l  the pump with the next injection brine (if any) 



1 7 . ontinue the flooding � i th the next brine at the arne injection rate of 2 cc/min 

1 8 . top the flooding e 'periment when no more oi l in produced. 

1 9 . nload the core ample 

20. Release the overburden pressure by opening the alve on the hydraulic pump 

2 1 .  Open both inlets of the flood head then open the cap of the core holder. 
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22. To remove the sleeve along with the flood-head and end-stem, c lose the valve on 

the overburden pre sure pump and pump some hydraul ic oi l  into the core holder. 

For e\ ery pore olume inj ected, the recovery factor is calculated as: 

Where : 

Voi - Vp.oil Recovery Factor = 
V ' O t  

VOl i s  the volume of oil init ial ly in  place 

V p Oll i s  the cumulative vol ume of the oi l  produced at a specific pore volume injected 
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