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ABSTRACT 

Lov" -,>al inJt) water flooding Lo al™ ha been used to improve oi l  recovery for many decade . 

H i- torical ly, the mechan isms behind thi improvement in oil  recovery were attributed to the 

pre,. ure maintenance and di placement of oi l  by injected water, i .e .  phy ical mechanism. 

Recently, evidence from laboratory and field te t ind icated that water flooding also involve 

hemical proce es and that modifying of the injection brine salinity and it ionic compo ition 

can - ignificant l y  impact the o i l  recovery. Several theorie regarding the mechani m of  LoSa/™ 
flooding ha e been di cu ed in the l iterature. The e include interfacial ten ion reduction, 

wettab i l ity al terat ion (cation exchange), change in pH ( increa e), emulsion formation, and clay 

migrat ion. It  i clear from the l iterature that there is  no agreement among the re earcher 

regarding the mechani m of LoSaFM flooding and although l imited work ha been done on 

carbonate, ome tudie, have concluded that LoSa/™ have no effect on oi l  recovery. 

Thi work pre ent the re ul t  of core flooding te t with ea water, and two of Abu Dhabi oil 

field inject ion water UER (197 ,584 ppm) and S IM (224,987 ppm) to evaluate the effects of 

brine sal inity and ionic compo ition on the po ible interact ions of l ime tone rock! brine/ and oil , 

and to identify the recovery mechani m. The original injection water were di luted to sal inities 

of 5000 and 1000 ppm and the optimum al inity sy tern wa modified by varying the sulfate and 

calcium ion concentrat ion . Wettabi l ity al teration is determined by contact angle measurement . 

Interfacial ten ion measurements of the tudied y tern were also performed in an attempt to 

evaluate the flow mechanism with Lowsal™ flooding. 

The experimental re ult revealed that a ignificant improvement in the oil recovery can be 

achieved through al teration of the injection water salinity. Reducing the sal inity of UER water 

from 1 97,362 ppm to 5000 ppm re ul ted in an improvement of oi l  recovery from 63% to 84.5% 
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of OOIP, re"pect ively .  Therefore. the -;alinity of 5000 ppm UER was considered a, the optimum 

... al imty to evaluate the effect of sulfate and calcium ion concentrat ions. Re ults also indicated 

that sulfate concentration ha a significant effect on the proces and increasing the sulfate 

concentrat ion beyond the optimum concentrat ion (47 ppm) re ulted in a negative effect. Contact 

angle mea urement indicated that lowering the olution al inity could shift the wettabi l ity of the 

. _ tem toward intermediate wettabi l ity level and that the UER water exhibit higher shift 

toward intennediate wettabi l i ty compared to other water . Re ult al 0 indicated that there is  no 

clear correlat ion between the improvement in oil recovery and interfacial ten ion and the pH of 

the studied _ y tem . 
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NOMENCLATURE 

are ..,ample cro�� �e ti nal area, cm2 

bbl: banel 

L: length of core sample, cm 

t : t ime for effluent ol lect ion, 'ec 

\b: bulk volume of the core ample, cc 

0 1 :  volume of col lected brine effluent, ml 

'Wd :dry weight of core ample, gm 

Ws: 100% ,aturated weight of core ample with with FW, gm 

�p: pre ure differential acro the core, p ig 

Abbre iations:  

AN: Acid number 

B : B ase number 

EOR: Enhanced oil recovery 

IFf : Interfacial tension 

LowSal: Low Sa1 inity 

M IE: Multicomponent ionic exchange 
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OIP. Original Oil in Place 

Pv: pore volume of core �ample, cc 

RB :  Re�ervoir barrel 

CF: tandard cubic feet 

1M :  imc ima water 

TB: tock tank barrel 

W: Sea water 

ER: m-Radhuma water 

Greek Symbols : 

)1: brine viscosity, cp 

p",: density of FW brine, gmlcc 

<p: porosity of core sample, dimensionless. 
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CHAPTER 1 

INTRODUCTION 

Waterflooding i�  dominant among fluid inj ect ion methods and i without que tion respon ible 

for maintaining product ion rate and re erve in orth America (Craig, F. F. Jr, 1971). A the 

world's oil field mature, waterflooding wi l l  continue to be appl ied to unlock the enormou 

endowment of oi l  re erve left behind by primary recovery. 

The fir, t water flood occurred a a re ult of accidental water injection in Pithole C ity, 

Penn ylvania in 1 65 (Lewi , J .A,  1961) . Indeed many early water floods occurred accidental l y  

by leak from hal low water and or  by urface water entering dril led wel l  . The fir t water 

flood in Texa wa initiated in Brown County in 1936 and within 10 year waterflooding was in 

operation in mo t orth American oi l  region (Craig, F. F. Jr, 1971) .  B y  the early 50's water 

flood engineering had been improved by Buckley and Leverett (1942) and Welge (1952) 

pioneering paper . 

When a water flood i designed, the injected brine i normal ly  cho en because it is readily 

a ailable and becau e it is imilar to the native reservoir brine and therefore wil l not damage the 

formation. However many re earchers have demonstrated that injecting low salinity brine can 

increa e oi l  recovery efficiency in orne ca es (Agbalaka et aI, 2008) . 

Low al inity water flooding wa di covered by researchers at The Univer ity of Wyoming in the 

90's (Morrow, N .R ,  1991) doing experiments to determine the effect of brine, crude oi l ,  
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mmeralogy and e perimemal procedure on wettabil ity. In the subsequent decade the technology 

or lo\\. salinity flooding was repeatedly  implemented in the laboralory and in the field. 

0\ er the pa l decade low- alinity water flooding has emerged a a viable enhanced oil recovery 

(EOR) method. Both laboratory te, t. and field trial have shown that injecting chemical ly 

modified water in'tead of eawater can lead to incremental oil recoveries. Although much 

re, earch ha' been conducted, the governing phy ical and chemical mechanisms for this increase 

in reco ery are not yet agreed upon, but are general ly  believed to involve orne form of 

interaction between the rock, oi l, and brine leading to change in wettabil ity, oi l/water interfacial 

ten, ion, or both. 

In thi work, core flooding experiments were conducted to study the effect of low salinity water 

flooding on ult imate oi l  recovery in elected core ample collected from a selected carbonate 

field in the UAE. Three types of waters were used in this tudy, namely, ea water and two 

formation water avail ab le from the elected field. The effect of the different types of water on 

contact angle and Interfacial Ten ion (IFf) were inve t igated . Final ly, the effect of Ca2+ and 

sol+ on the performance of low al inity were inve t igated . 
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CHAPTER 2 

LITERA TURE REVIEW 

Se eral sludie. ha e been undertaken to in e t igate potential mechanisms and the result from 

the 'e 'tudie. have b en u. ed to understand potential mechanL m for increased oil recovery with 

low sal inity water flooding. 

2.1 Early Work with Fresh Water: 

Re earcher began injecting fre h water into core amples almost a half century ago. Researcher 

hoped to better under. tand the effect of authigenic clay content and studied the impact of fre h 

water on permeabi l ity and oi l  recovery. 

Martin (1957) injected fre h water into Maracaibo B asin and Ea t Texa Woodbine re ervoir 

core to tudy the effect of clay content on recovery efficiency and relative permeabi l ity. 

Se eral core were flooded with cycle of toluene and fresh water to remove clay materials .  The 

core were flooded with heavy oi l  then the oi l  wa di p laced with fresh water. The pre-treated 

core had lower irreducib le water aturation and higher water relative permeabi l ite . The treated 

and untreated core had imi lar re idual o i l  aturations and oi l  relative permeabi l ite . 

Permeabi l ity to fre h water decrea ed over the course of everal hour or days after the fre h 

water injection wa init iated. The original water permeabi l ity could be re tored momentar i ly by 

reversing the flow direct ion, sugge ting pore throat plugging by migrating fine . Martin propo ed 

that in the clay-rich core clay-water dis per ion wa created with a higher apparent v iscosity and 

lower water relative permeabi l ity than the fresh water . 
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Bemard ( 1 967) injected a I bnne and di t i lled water into sandpack , Berea cores and outcrop 

core,' [rom Wyoming. In itial oi l saturat ion wa establi hed with oil then aCl brine or di til led 

water wa. inje  ted, In con'tant flow rate experiment', injecting di t i lled water increa ed 

recover Jl1 both the :econdar and tertiary mode . The increased recovery was alway 

accompanied by a mas. ive increa e in pre ure drop; three order of magnitude in one 

a e .  aC l brine and di til led water produced similar recoverie in constant pre ure drop 

experiment . Bernard attributed the increa ed recovery to improved micro copic sweep 

efficiency induced by clay wel l ing and plugging of pore throat by migrating fine, 

2.2 Recovery Mechan isms: 

Oil recovery has traditional ly  been divided into three chronological ly  stage : primary, econdary 

and tertiary recovery. However, in many ituation , oil recovery operations are not conducted in 

thi pecific order. The o-called tertiary recovery proce s might be applied a a econdary 

proce in a chronological l y  ense . The term tertiary recovery is therefore replaced by the more 

accepted term "Enhanced Oil Recovery" (EOR), Another commonly u ed expression i 

"Improved Oi l  Recovery" (lOR), Thi term includes EOR but also a broader range of activitie , 

e .g . ,  reservoir characterization, improved reservoir management and infill dri l ling (Green, 1 998) .  

2.2 . 1  Prim ary Recovery : 

Primary recovery i the init ial production tage resulting from the displacement energy naturally 

existing in the re ervoir. The natural energy ources are olution ga drive, ga cap drive, natural 

water drive, connate water expan ion and pore compaction and gravity drainage (Green, 1 998) .  

The primary recovery cla ification al 0 include gas lift and pumping. The recovery factor for 

thi" period i usually relatively low, around 5-30% on average of the original oil in place 

(Baviere, 1 99 1 ) . 
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2.2.2 econdar Reco er : 

ccondar, recovery i usual ly implemented when the pnmary reco ery starts to dec l ine. 

l11ce there i not enough energy natural ly occurnng in the re�ervoir to produce at an 

e onomiC rate. energy needs to be suppl ied from the surface. To produce more oil. the 

pre,,_ ure in th reservoir can be maintained by inj ection of other fluid . 

Tradit ional secondary reco ery proce e involve injection of fluids which already exi::.t in the 

re_ ervoir. uch a water and ga . The e fluid are injected to en ure pressure support and 

di 'placement of oi l  toward the production wel ls  ( Robert on, 2007) .  The mo t applied secondary 

recovery proces i waterflooding. The recovery factor for a reservoir which ha undergone 

primary production followed by waterflooding may reach 35 to 50% of the original oil in place 

(Green. 1 998) .  

2.2.3 Tertiary RecoverylEOR Processes : 

The target for the tert i ary recovery is the residual oi l  saturation l eft behind after the 

econdary recovery process and that has become uneconomical to produce. An EOR process may 

involve injection of mi cible ga e , chemical or thermal energy into the re ervoir to di p lace 

addit ional oil - thereby the classification enhanced oil recovery. In rni cible proces es the 

objective to inject fluid that are directly mi cible with the oi l  or that generate 

mi cib i l ity in the reservOIr through compo ition alteration. Example are injection of 

hydrocarbon 01 ent or carbon dioxide, CO2, at miscible conditions. Chemicals applied 

in an EOR proces may be surfactants or alkal ine agents, which are injected to u e a 

combination of pha e behavior change and reduction of interfacial tension (IFf) to displace oi l .  

o-cal led mobi l i ty-control proce es are pr imar i ly ba ed on maintaining favorable 

mobi l ity rat io to improve the di placement efficiency. Thickening of water with 
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polymer'> l one e ample. Thermal proce e rely on the injection of thermal energy or 

111- -itu generation of heat to lower the isco ity of the oil '0 it can flow easier toward the 

productIOn wel l . Steam injection or in-situ combu t ion from air or oxygen injection are 

e ample. (Green, 1 99 ) .  

Ba ieres ( 1 99 1 )  definition of enhanced oil recovery i : "EOR con i t of method aimed at 

increa. ing ult imate oil recovery by injecting appropriate agents not normal ly present in 

the reser oil' , uch a chemical , 01 ent oxidizer and heat carrier , in order to induce 

new mechani m for di p lacing oi l". Thi definition excludes the pressure maintenance 

by water or gas injection, which u e physical energy alone (Baviere, 1 99 1 ) . But according to the 

definition, low alinity water injection is an EOR proce s ince the chemical composition of the 

inj ected water i different from the initial formation brine, and because the wetting condition of 

the urface i changed in the proce . 

2.3 Wettabili ty :  

Wettab i l ity can be defined as the tendency of one fluid to pread on or adhere to a solid surface 

in the pre ence of another immi cible fluid .  When two immiscible phases are in contact with a 

solid urface, one phase u ual l y  wi l l  be attached to the solid more trongly than the other. The 

more trongly attracted phase is cal led the wetting pha e (Green, 1 998) .  The reservoir rock 

wettab i l ity is an important property which determine the success of water flooding, becau e it 

has great influence on the location, flow, and distribution of the fluid in the reservoir 

(Puntervold, 2008) .  In a ystem at equi l ibrium, the wetting fluid i located on the pore wal l and 

occupie the mal lest pores, while the non-wetting fluid is located in the pore bodies (Ahmed, 

2000) .  This phenomenon is i l lustrated in Figure 2 . 1 .  
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The evaluation of reservoir wettabi l ity can be made through measurements of IFf and contact 

angle 8.a i l lu  trated in F igure 2 .2  (Ur in, 1 997) .  This angle can be defined a the tangent to the 

oi l -water surface in the triple-point sol id-water-oi l ,  measured through the water phase (wetting 

pha e)  ( Strand, 2005) .  In a ystem containing a reservoir rock, oi l  and water, a shown in Figure 

2 .3 .  the rock is typical l y  preferential ly  water-wet if water occupies the mal ler pores and is the 

spreading fluid (8 < 90"C). I f  oi l is the spreading fluid (8) 90°C), the rock is preferential ly  oi l -

wet (Puntervold. 2008) .  The rock is intermediate-/neutral-wet when both fl uid pha e tend to wet 

the sol id, but one phase is only sl ight ly more attracted to the rock than the other (8 = 90"C) 

(Green, 1 998) .  If the formation is strongly water-wet, the oi l can be trapped in the middle of the 

large t pores. The l ink between contact angle and wettabi l ity preference is given in Table 2. 1 .  
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Con tact angle values Wettabil i ty preference 

0-30 S trongly water wet 

30-90 Preferentially water wet 

90 Neutral wettabil ity 

90- 1 50 Preferential ly  oil wet 

1 50- 1 80 Strongly oil wet 

ot all re ervoir have uniforrnlhomogenous wettabi l ity throughout the reservoir, but rather a 

heterogeneous wettabi l ity. Fractional ,  potted or dalmatian wettabi l i ty are term that are often 

seen repre eming heterogeneous wetted re ervoirs (Ander on, 1 986b). In this type of rock 

wettabi l ity, orne area of the rock are oi l -wet, while the rest i water-wet. M ixed wettabi l ity is a 

pecial type of fractional wettabi l i ty.  Under thi wetting condition smal l pore and grain contact 

are preferential l y  water-wet and contain no oi l ,  where a the oi l-wet surface fonn continuou 

paths through the large t pores and contain all of the oil (Puntervold, 2008) .  Mixed wettabi l ity 

results from a variation or heterogeneity in chemical composition of expo ed rock surfaces or 
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cemenling-malenal '>urface, in the pore . Becau e of lhi� mixed chemical expo <.,ure, the 

wettabi l i ty condition may ary from point to point (Green, 1 998) .  In order to observe a LowSal 

effect , the mcrea:ed reco er obtained dunng 10 al ini ty water injection, the re ervoir rock 

mu,·t be mi ed-wet . In other word' ,  organic material must be  ad orbed onto the rock 

( Puntervold, 20 1 0) .  

The wettabi l ity affects the relative permeabi l i ty ,  the abi l ity of the porou system to conduct one 

fluid when one or more fluid are pre ent, and the capi l lary pres ure (Ander on, 1 987a; 

Anderson, 1 9  7c) .  Relat ive permeabi l i ty curves, shown in Figure 2.3 and capi l lary pressure 

cur e , i l lustrated in Figure 2 .4 ,  may therefore be used to mea ure the wettabi l i ty of a system 

(Ander on, 1 986a). 
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ladhunandan and MOlTOW ( 1 99 1 )  tudied the relation hip between water flood oi l  recovery and 

wettabi l ity. Wettabi l ity  wa modified by adju t ing the aging temperature, init ial water saturation, 

brine compo it ion and crude oi l .  Berea and tone cores and 3 different oil were u ed. Brine 

were compo ed of NaC l ,  CaCh and a trace concentrat ion of sodium azide. Al l  brine po essed 

h igh alinity, only the a/Ca rat io were adju ted. Fifty crude oillbrine/rock systems were te ted. 

Max imum oi l  recovery by water flooding wa obtained at very low water-wet condit ion . 

Wettab i l ity  was mea ured after water flood with the Amott method. Iw-o decreased with 

increa ing calcium- ion content w ith the Moutray crude oi l .  Wettabil i ty wa insensit ive to Ca
2+ 

with the other oi ls .  With both crudes 1""-0 increased with increa ing SWI, and lw-o decreased with 

increa ing aging temperature. 

Yildiz and MOlTOW ( 1 996) conducted core flood u ing Berea sandstone, Moutray crude oil and 

either odium ba ed brine compo ed of 4% NaCl + 0.5% CaCh or calcium ba ed brine 

composed of 2% CaCho Recovery was higher with the calcium brine when the connate and 

injected brine were ident ical . The highest recovery was achieved by init ial ly  aturat ing the core 
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with alcium brine. inje  t ing a brine unt i l  residual oi l  �aturat ion was ach ieved, then injecting 

calcium brine. Imo t 1 3% in remenLal recovery wa achieved about 1 PV after the start of the 

teniar cal ium brine flood. Wettabi l i ty wa mea ured after water flo d with the Amott method. 

Greater water n od recovery was achieved in mixed-wet cores. Spontaneou imbibit ion of a 

brine wa 4 tune greater than calcium brine after about 2 day . 

Tang and Morrow ( 1 997) inve t igated the effects of connate and injection brine alinity aging 

t ime and temperature on water flooding and imbibit ion with 3 different crude oi l  and 3 different 

brine' . In imbibit ion experiment with ident ical connate and invading brine , decrea ing the 

salinity of both brine produced higher final recovery. In experiments with constant connate 

brine salinity and variable invading brine sal inity, decreasing invading brine salinity 

increa ed recovery. In experiments with variable connate brine salinity and con tant invading 

brine al inity, decrea ing connate brine al inity increa ed recovery. In water flood with identical 

connate and injected brine , decrea ing the al inity of both brine produced higher recovery 

primari ly  by delaying breakthrough. In water floods with con tant connate brine sal inity and 

variable injected brine al inity,  d i lut ing injected brine 1 00 t ime produced -5% incremental oil  

recovery. In water flood with variable connate brine salinity and con tant injected brine 

salinity, decrea ing COImate brine salinity dramatical ly  improved recovery - about 40% 

incremental oil recovery wa achieved by di luted the connate brine 1 00 t ime . 

2.4 Focused Low Salin ity Research Begins :  

Ba ed on the above findings, researcher began to focu on the only variable that can be 

manipulated in a re ervoir - the inject ion brine sal inity. Re earchers noticed that improved 

recovery by inject ion of low alinity brine only occurred when crude oil and clay bearing 
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"and"tone mineralog were pre<;ent . Ba<;ed on thi' ob!'ler ation. Tang and Morrow ( 1 999) offered 

the first theoretical interpretation of the mechani m responsible for the recovery improvement. 

Tang and Morrow ( 1 999) ob erved an increa e in water flood and pontaneou imbibit ion 

recover with a de rea,'e in al inity in numerou ca, es. The authors used Berea cores, CS crude 

and refined oil and 7 different brine. ranging from 35 ,960 ppm TDS to 1 5 1.5  ppm TDS . 

Recovery improved . ignificantly in the CS re ervoir and Berea core when low al inity brine 

was injected instead of high al inity but recovery improved only marginal ly in the more clay 

free core . Berea core that were fired and acidized, to stabil ize fine , were insensitive to brine 

al inity. Core that were repeatedly water flooded produced fine and were ensit ive to brine 

al inity in early water flood . but topped producing fines and were in ensitive to brine salinity 

in l ate water flood , Core init ial ly 1 00% saturated with crude oi l  - with fines completel y 

imrner ed in the o i l  pha e -were in en itive to brine salinity, And last l y, core aturated with 

refined mineral oil rather than crude oil, were in ensitive to al inity. Tang and M orrow 

concluded that heavy polar components in the crude oi l  adsorb onto fine part icles along the 

pore wall  and that these mixed-wet fine are str ipped b y  low sa l in i ty  brine . a l tering 

wettab i l i ty  and incre ase o i l  recovery. 

Zhang and Morrow (2006) conducted water flood and spontaneou imbibit ion experiments using 

4 different amples of Berea and tone and three different crude oi l . These author ob erved 

improved recovery by injecting low salinity brine in econdary and tertiary mode . The impact of 

low al inity brine varied s ignificantly between the different amples of Berea, sugge ·ting that 

mineralogy was the most important variable affecting improved recovery. The lowe t 

permeabi l ity b lock of Berea (knltrogen - 60 to 1 40 md) showed no ensitivity to al inity. The lack 
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of re pon 'e wa attributed to the pre ence of chlorite. In several cases, cores responded to low 

alinit brine in the 'econdary but not the tert iary mode. Low al inity effects become more 

dramat ic a the iI1 l t ial water aturat ion increa 'ed . In al l  ca e , injection of low alinity brine wa 

accompanied by an increase of pre, 'ure fol lowed by a gradual decrease. Effluent pH also 

increased. 

ome publ ication indicated that there i no benefit of low sal inity water flooding, al 0 present in 

the l iterature. Sharma and Filoco ( 2000) inve t igated the impact of connate and inject ion brine 

al inity and crude oi l  on oi l  recovery, re idual saturations and wettabi l ity using Berea cores, 3 

different oi l  and aCl brine in various concentration . In imbibition experiments decrea ing 

connate brine al inity increa ed recovery and ignificantly affected relat ive permeabi l ity .  The 

al inity of the di placing brine had no ignificant impact. Drainage experiment ' s  recovery and 

relative permeabi l i ty  were in  en itive to al inity. During waterflooding of crude oil, oi l  recovery 

increa ed with decrea ing connate brine al inity. However, during waterflooding of mineral oil ,  

recovery wa in en it ive to connate brine salinity. In al l  cases, waterflood recovery was 

in, en itive to the al inity of the injected brine. Sharma and Filoco uggested that low al inity 

connate brine change the wetting propertie of the rock surface from water-wet to mixed-wet 

and thereby increa e the recovery. 

Webb et al. ( 2003 )  ob erved a reduction in residual oi l  aturat ion in the near wellbore region by 

injecting low al inity brine. Three d ifferent brines were injected into a cia t ic formation from a 

producing wel l .  Saturat ion was mea ured after each injection u ing a pulsed neutron capture log. 

A ba e l ine Sor was estab l ished with a synthetic native brine ( 250,000 ppm). S ynthetic ea water 

( 1 20,000 ppm), injected econd, did not reduce oil saturation further. A low al inity brine (3 ,000 

ppm), injected la t, reduced Sor significant ly  in two and intervals and l ight ly in another. 
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Zhang et a l .  ( 2007)  rep lted mcrea 'ed recovery in the tert Iary mode by reducing reservoir brine 

alinity 20 t l Ines . Two consol idated reser oir sandstone core, were used. X-ray diffraction 

indi ated that each of the core were rich in chert and kaol inite. Two different crude and a 

mineral oi l  were u ed. lmo t 70% incremental oil recovery wa achieved in the econdary 

mode. Both the high and low , al inity econdary flood were conducted in the arne core. 

Tert iar recovery wa al 0 quite l arge ;  25% incremental recovery in the best ca e. The recovery 

wa ach ieved lowly, taking more than 1 0  injected pore volumes. In everal ca e the pH fel l  

upon inject ion of low al inity brine; contrary to other researcher' s observat ions.  Pres ure drop 

wa clo ely tied to incremental recovery. In al l  ca es where s ignificant incremental recovery wa 

achie ed pre ure drop increa ed ignificant l y  then fel l  gradual ly .  

Pu et a1 . ( 2008 )  ob erved low a l inity tert iary recovery from an almost clay free core for the first 

t ime. Re earcher injected coalbed methane (CBM) water into 3 sandstone reservoir core 

compo ed of quartz, feld par, dolomite and anhydrite cement but which had very l itt le clay. The 

CBM water ' al inity was about 1 ,3 1 6  ppm TDS . Cores were fir t waterflooded with h igh 

al inity formation brine (38 ,65 1 ppm). When oil production to high salinity brine cea ed CBM 

water wa  injected. In  a l l  ca  e s  C B M  water l iberated addit ional oi l . In each core the benefit of 

tertiary low alinity flooding became Ie s dramat ic after each flood and re torat ion. A core was 

acidized to remove dolomite crystal and sub equent ly  it recovery became insen itive to low 

al inity flooding. Pu et a1 . propo es that dolomite cry tals play an important role in the low 

salinity recovery mechani m .  Some of the dolomite cry tals become mixed-wet a they 

contacted the oil pha e during aging. During the low salinity flood the dolomite cry tal may 

detach from the pore wal ls releasing oil from the rock urface. The detached dolomite crystals 
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wil l  then resIde at the crude oi llbrine interface in reasmg resistance to flow of brine at the 

interface, delay snap-off at pore-throats and pre enting the col lap" e of oil lamel la .  

2.5 Foeu ed Low Sal in i ty  in Carbonate Rocks: 

Bag i et a1 . ( 200 1 )  stud ied the effect of brine composition on oil recovery by water flooding 

u ing l ime tone core' .  Ten different brine compo it ions were examined for injection through the 

tudy. The brine were aCI ,  CaCh KCI ,  and binary mixture of them at two different 

oncentrat ion (2 and 5 wt%). The h ighe t oil recovery was 35 .5% of OOIP for 2 wt% KCl .  The 

author. concluded that any adju tment to the injected brine compo it ion of a mature waterflood 

can offer a po ible and economica l ly  fea ible approach to increase oil product ion. Wettabi l ity 

alterat ion wa mentioned a a rea on for recovering more oil but without any further explanat ion. 

Thi paper mainly howed coreflood experiment u ing long core sample (20 inches) and at a 

re ervoir temperature of 1 22°F. Low al inity effluent brine sample showed higher pH and that 

wa caused by ion exchange react ion. 

H�gne en et a1 . ( 2005) concluded that any modification to the injection water ions can impact 

rock wettabi l i ty and that can result in additional oil to be recovered. They presented an imbibtion 

tudy at h igh temperature condit ion u ing reservoir l ime tone, outcrop chalk cores, seawater and 

formation water. The result howed that increasing the ulfate ion concentration at h igh 

temperature can act a a wettabi l i ty modifying agent m carbonate . and increased the oi l  

recovery. Scale and ouring problems wil l  be enhanced a increa ing the sulfate concentration in 

the injected water. Moreover, thi strategy has l imitations with regard to initial brine salinity and 

temperature. At low temperature condition, cat ionic surfactant was mixed with the aqueou 

solution and that increa ed the spontaneous imbibt ion through the core . 
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Webb et al .  ( 2005 )  pre:ented a study that compared oil recovery from a orth Sea carbonate core 

"ample. u. ing . u ]phate free fonnation imulated brine, with eawater, which contains sulphate. 

The imbibtion capi l lary pre ure e periment were performed at re ervoir condition using l ive 

crude oil and brine. The final re u l t ·  showed that the simulated seawater wa able 

to modify the ettabi l ity of the carbonate . y tem, changing the wettab i l ity of the rock to a more 

water-wet tate. Thi '  conclu ion wa made ba ed  on  the aturation change noted in  the 

pontaneou' imbibit ion tests between imulated fonnation and eawater. 

Mo t of the low al inity water flood tudie were conducted on l imestone ; seawater, al 0, wa 

recommended a an injection fluid in chalk fonnat ions. Strand et a1 . (2008) explained 111 

prel iminary experimental tudie the chemical mechanism for the wettabi l ity alteration 111 

fractured l ime tone after injecting eawater, sodium chloride brine, and fonnation water. 

S ynthetic eawater with and without u lfate ion wa used to detennine the sulfate ions effect on 

wettab i l ity .  Spontaneous imbibitions re ult at 248°F showed 1 5% increase in the oil recovery 

when l ime tone core wa imbibed with eawater compared to seawater free of sulfate ions. 

Seawater ha the lowest TDS compared to the other examined brines, but it  did not include any 

brine te t that has lower al inity than seawater. More detail on react ion mechani m wi l l  be 

explained in the next ection. 

Fjelde ( 2008)  pre ented re ults on low alinity water that increa ed oil recovery in l ime tone 

fonnation. Spontaneou imbibit ion experiment were conducted using fonnation water and low 

al inity water. Low alinity water showed similar oi l  recovery results to seawater experiments .  

o further details were mentioned in this work. 
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2.6 Different Propo ed Low alin i t  Mechanism : 

veral d ifferent hypothe. e, ha e been propo, ed on the mechani m of LowSal water' 111 porous 

media .  " Migrat ion of fines" by Tang and Morrow, "pH increa e" by McGuire et al . (2005) ,  

"Mult icomponent Ionic Exchange" ( M IE) by Lager et  a l . ( 2006) and "Double layer effect " by 

Ligthelm et a l . (2009) are among the best known propo ed LowSal mechanisms. None of these 

mechani 'ms have '0 far been general l y  accepted a the main contributor to the ob erved LowSal 

effect . Au tad et a l . (20 1 0) have uggested a new hypothesi ; de orption by pH increa e. 

2.6. 1 Migration of fines: 

An attempt to explain the LowSal mechani m wa put forward by Tang and Morrow ( 1 999). In 

the presence of h igh al inity brine, c lays are undisturbed and retain their oi l -wet nature leading to 

poorer di placement efficiency. But during low alinity water flooding, Tang and Morrow 

ob erved that fine ( mainly kaol inite clay fragments), were relea ed from the rock 

( and tone/clay) urface thi finding was confirmed by Lager A . ,  ( 2006) .  They suggested that 

the mobi l izat ion of the fine resulted in expo ure of underlying urfaces, which increased the 

water wetne of the y tern. In addit ion, the relea ed clay particles could b lock pore throat and 

divert the flow of water into non-swept pore to improve the microscopic weep efficiency thi 

finding wa confirmed by RezaeiDoust ( 2009b).  The mobil ization of fines with flowing fluid 

are al 0 a ociated with a permeabi l i ty  reduction and formation damage re ul t ing from plugging 

of pore . The migration of fine i i l lu  trated in figure 2 .5 .  
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Although Tang and Morrow have hown that it is po ible to have migrat ion of fine during low 

,al inity water flooding, BP ha done numerou LowSal flood howing increase in oi l  recovery, 

without any ob ervation of fines migrat ion or ignificantl y  permeabi l ity reduction ( Lager A. ,  

2006) ,  The e re  ul t  que t ion the l ink between fine migration and oi l  recovery, The migration of 

fine my ju  t be an effect of LowSal water flooding, and not the direct cau e of the additional oi l  

recovery ob erved by LowSal flooding, B ut migration of fines might st i l l  play a positive role in 

the increa ed oi l  recovery proce , 

2.6.2 PH increase : 

McGuire et a l .  ( 2005) ugge ted the LowSal effect could be related to a type of alkal ine 

waterflooding If the pH level increa, e to above 9 inside a petroleum re ervoir, the flooding 

proce would be equivalent to an alkal ine flood. High pH value also enables a reaction of crude 

oi l  acid compound which re ults in in- itu generation of surfactants ( Bous our, 2009) ,  McGuire 

et aJ .  ugge ted that a higher pH can increase the oi l  recovery by generation of urfactant and 

reduct ion in IFf, The ri e in pH i due to the fol lowing chemical reaction ( Lager A. ,  2006) :  
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• aL ion exchange between clay minerals and invading water. Thi react ion i� relatively 

fast. The mineral urface wi l l  exchange H+ present ill the l iquid phase with cat ion� 

previously adsorbed . Thereby an increa e in pH.  

• Dis olution of carbonate ( a1cite and/or dolomite), which re. ults in an exces of OR and 

increa. e in pH.  The di olut ion react ion, lower and dependent on the amount of 

carbonate material present in the rock ; 

(2 . 1 )  

( 2 . 2) 

To generate in- itu urfactants from carboxyl ic acid , the acid number (AN) of the crude oil 

should be l arger than 0.2 mg KOHIg. But low al inity effect have been observed for crude oil 

with A Ie than 0.05 mg KOHIg. Furthermore, the increase in  pH of produced water/effluent i 

in many ca e not more than 1 pH unit, which cau e the water to become only  l ight ly  basic. I t  

L doubtful that the small increa e in pH can decrease the 1FT enough to promote LowSal effect 

(RezaeiDou 1 ,  2009b) .  Equivalent experiment have also hown a reduction in pH during 

LowSal flooding. H igh pH i more l ikel y not re ponsible for the increase in o i l  recovery by 

injection of LowSal  water, but rather an effect . But a migration of fines ,  a pH increase might 

p lay a po itive role  when it occur . 

2.6.3 MIE ( m u lt icomponent ionic exchange) : 

Lager et al . (2008) de cribe mult icomponent ionic exchange as the basis for geochromatography. 

M IE involve the competition of al l  the ions in pore fluid for the mineral matrix exchange sites. 

atural exchanger , l ike clay and carbonate mineral , show different selectivity for different 

cat ion or anions. Important documentation of the M IE mechani m came from effluent analy i 
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of a low "alinit " aterflood of cores from a re er oir in Alaska ( orth lope) .  The injected brine 

and the connate water had imilar Mg2+ concentrat ions ( 8 ppm). However, the effluent analy<,i. 

howed a sharp de rea. e in Mg2+ concentrat ion. Thi indicates that Mg2+ wa trongly ad orbed 

b the rock matrix .  Lager et a l .  laim that four mechanism , out of eight propo ed mechanism 

of organic matter ad orption onto clay mineral given in Table 2 .2, wil l  be strongly affected by 

cal Ion exchange occulTing during a low al inity brine injection. The e mechanism are cation 

exchange, l igand bonding, cat ion bridging and water bridging. Figure 2 .6 i l lustrate the e 

mechani m . .  
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Mechani m Organic functional group involved 

Cation exchang Protonation Amino. ring NH. heterocyclic N (aromatic ring) 

Amon e\change Amino, helerocyc l ic N, carbonyl ,  carboxylate Carboxylate 

Water bridging Amino, carboxylate, carbonyl ,  alcoholic OH 

Cation bridgll1g Carboxylate, amines, carbonyl , alcoholic OH 

Ligand exchange Carboxylate 

Hydrogen bonding Amino, carbonyl ,  carboxyl, phenolic OH 

Van der Waal interaction Uncharged organic units 

Lager et al . a ume that the low a l ini ty effect wa related to increased water wetne of the clay 

mineral pre ent in and tone this finding wa confirmed by RezaeiDou t (2009b) .  It was 

ugge ted that the Mg1+ and Ca2+ play an important role in the interact ion between the clay 

mineral and urface act ive components in  the crude oi l .  Ca1+ and Mg1+ may act l ike a bridge 

between the negat ive ly  charged clay urface and the carboxyl ic materia l .  The organic material 

wa uppo ed to be removed by cation exchange between the mineral surface and the invading 

low sal inity brine. Expan ion of the electrical double l ayer due to low al inity flooding enables 

de orption of polar compounds from the urface ( Lager A . ,  2007) .  

Computer simulation and laboratory test  performed by Tor Austad et a l . (20 1 O) have shown that 

a change in the effluent Ca2+ concentrat ion is  not neces ari l y  caused by a M IE process. It can 

al 0 be explained by precipitation of Mg(OH)z a a result  of a local increase in pH in the injected 

low al ine water. In addition, there are no chemical reason why the trongly  hydrated Mg
2+ ion 

'ihould have a superior react ivity toward the act ive ite on the clay surface compared to Ca:!+ . In 
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recent laborat ry te. ts It ha,> abo been observed that Low al effects can be obtained without any 

d Ivalent cati n. present in the LowSal fluid (Au:tad ,  20 1 0) .  

2.6.4 Double layer effect s: 

Llgthelm et a l .  ( 2009) proposed that the LowSal effect wa due to double layer effect . They 

ugge'ted that a decrea e in �alinity re, ult in an expan ion of the ionic electrical double layer 

between the lay and the oil interface, (Ligthelm et al . ,  2009) .  Thus, oi l  is de orbed from the 

'urface and the water wetne increa e. Thi is  a pure physical explanat ion. It was i l lustrated by 

uppo' ing a Ca2+ bridge between the negat ively charged clay and oi l ,  imilar to the i l lu trat ions 

put forward by Lager et a1. in Figure 2 .6 .  But ,  polar oil components may adsorb onto clay 

mineral without a bridge of d ivalent cation (Au tad, 20 1 O).  

2.6.5 Salt ing-in effect : 

Salting-in effect wa the fir t LowSal working proposal by Austad et a1 . ( 2008) .  The propo al is 

related to change in the olubi l ity  of polar organic components in the aqueous phase, de cribed 

as alting in and out effect . In water, the organic material i olvated by the formation of a 

tructure created by hydrogen bond around the nonpolar part of the organic compounds.  The 

organic components are in that way tructure makers . Inorganic ion , uch a Ca2+, Mg2+ and 

a+, break up the water tructure around the organic molecule and decrea e the solubil ity, and 

are thereby called structure breakers ( RezaeiDoust, 2009) .  

Salt ing-out effect : Decrease in the solubi l ity of organic material in water by adding sal t to the 

olution. 

Salt ing-in effect : Increa e in  the solubi l i ty of organic material in water by removing aIr from the 

water. 
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The thenn dynami equil ibrium between the crude oiL brine and rock, which has been 

establL hed during geological t ime, i disturbed when injecting water with a different 

salinit than the initial format ion water. The ,olubi l ity of polar orgamc component III 

water L affected by ioni composit ion and al inity, a i l lu  trated in figure 2 .7 .  The term 

salt ing-out and _ alt ing-in effect have been used in the chemical l iterature and there is a 

large numb r of e amples where the e effects have been ob erved ( Li ,  1 997 ; RezaeiDou t ,  

2009). 

Lew "II �:n-, " iCln 

(a ) 

Ca t 
. . . + . 

.. . . . 

C lay LI at. Clay surtace 

t hl .11 r II I dll 1111 I I  t {nl l t  1111 

Recent tudie indicate that adsorption of the ba e quinol ine onto kaolonite clay in the presence 

of brine seem to increase with a decrea e in al inity ( Puntervold, 20 1 0) .  These observat ion' are 

in direct contradiction to the salting-in mechanism and to the fact that oi l  components are 

relea ed in a low salinity waterflood . 
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2.6.6 De orpt ion by p H  i n crea e:  

De. orption of acids and ba e' by pH 111 rea. e i the latest proposed LowSal mechani m by 

u. tad et a1 . (20 1 0) De 'orption of initial ly  ad orbed cation onto the clay is the key proce 111 

increasing the pH of the water at the clay 'urface. Thi pH increa e cau e de orption of organic 

material from the urface by an acid-ba e interaction. In order to observe tert iary LowSal effect::. 

in 'and tone, there mu t be an initial balanced ad orption of organic material and active cations 

onto the negat i e ly charged clay pre ent in sandstone. In other word , enough organic material 

mu t be pre ent to make the clay oi l -wet, and enough cation mu t be pre ent to create an 

increa 'e in the pH at the water-clay interface when cation are de orbed from the clay urface. 

The ad orpt ion proce i completely rever ible by pH adj ustment and the reaction are very fast 

becau. e of rapid acicl/ba e reaction . The trong dependence of pH regarding 

ad orpt ionlde orption wa confinned by static ad orption tudie of a model ba e onto kaol inite 

( Puntervold. 20 1 0) .  

One of the main tatement in thi  new hypothe is  i that a local increase in pH at the clay 

urface.  promoted by de orption of cation , is  neces ary to release oi l  components from the rock 

and thu ee LowSal effect .  The ad orption of the organic material onto the clay surface is  very 

en itive to change in pH .  Both acidic and ba ic crude oil material are released from the urface 

a the pH i increased from 5-6 to about 8-9 (Austad, 20 1 0) .  Adsorption of the ba e quinol ine 

onto kaol in ite and montmori l lonite vel' u different pH value i hown in figure 2 .8 .The 

ad orption decrea es as the pH increases. In lab experiments, increase in pH i u ual ly verified, 

but due to buffering effect in field s ituations (due to C02 and H2S) ,  an increase in pH is seldom 

ob erved ( Puntervold ,  20 1 0) .  
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The 'ugge ted mechani m i schematical ly  i l lustrated in  Figure 2 .9 for ad orbed basic and acidic 

material . The c lay act a a cation exchanger with relatively large surface area. Initial ly ,  both 

acidic and ba ic organic material are ad orbed onto the negatively charged clay urface together 

with inorganic cation , e pecial ly  Ca2+ , from the formation water. A chemical equil ibrium is then 

e tab l i  hed at actual reservoir condition regarding pH,  temperature, pressure etc. It i important 

to remember that the in it ial pH of the formation water may be even below 5 due to di solved 

CO2 and H2S .  The crude oi l  hould therefore be saturated with CO2 at lab.  When the low sal ine 

water i injected into the re ervoir with an ion concentration much lower than the initial 

formation brine, the equ i l ibrium as ociated with the brine-rock interact ion is  di turbed, and a net 

de orption of cation , especial l y  of Ca2+, occurs. To compen ate for the los of cation , protons 

(H-) from the water clo e to the clay urface, adsorb onto the clay. Substitut ion of Ca 2+ by H+ is  

taking place. Thi creates a local increa e in pH clo e to the clay urface as i l lu  trated by the 

fol lowing equation, using Ca2+ a an example: 

Clay-Ca2+ + H20 = Clay-W + Ca2 + OR (2 . 3 )  
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[a"t reaction b tween OH and the adsorbed acidic and basic material wil l cau e de�orption of 

organicmaterial from the clay '>urface. Thus, the water wetne of the rock is improved. The 

react ions can be des ribed by ordinary acid-base proton tran fer react ions, a shown by the 

fol lowing equat ion : 

Clay-RCOOH + OR = Clay + RCOO' + H20 
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2.7 LOWSAL Field Scale :  

Paul Vledder et  a1 .  ( 20 1 0) tudied the effect of low al inity flooding in Omar field in S yria. A 

LowSal econdary flood appl ication in the Omar field in Syria howed a change of wettabi l ity 

from oi l  wet to a water-wet sy tem. This change in wettabi l ity i. supported by the observation of 

dual steps in watercut development. In between the two steps the watercut was constant. This 

behaviour is a known indicator of changing wettabi l ity .  Moreover, direct connate water banking 
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mea�urement" confinl1 the hange. The field ob, ervation are supported by �pontaneou imbibition 

experiments in core material and a ' ingJe wel l Log- Inject-Log te t in an analogue field. 

The field IS an elongated, high rel ief, ti lted hor't block, which is internal l y  compartmentalized. The 

field i, del imited by two main boundary fault and ealed by an ero ional unconformity. A 

:chematic ros: , ection i, ,hown in Figure 2 . 1 0. 

SW NE 

L. Shiranish \ I \ 
\ 

\ 

, 
I III 

� 
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The field  was d i  covered in 1 987 and production tarted in 1 989. After an initial peak production 

of Okbopd, production plummeted to only 2Skbopd within a year , .  The reservoir pres ure 

decl ined rapidly and wel l  were clo ed i n  at the bubble point pres ure to avoid shrinkage 1 0  se 

and an irrever ible 10 in oi l  recovery, This ear ly data confirmed the ab olute lack of any act ive 

aquifer ( eidhart et a1 . 2008) .  

In order to revive production, water injection wa implemented in J anuary 1 99 1  US lOg nver 

water, which wa the only water ource available at that time. The quality of the injection water 

l ifted from the Euphrate river varied over time, but sal inity is  about 500 mg/L and bivalent 

cations « 1 00 mg/L. Water was injected in the oi l  leg, mainly in the RUL but al o in the MUF 

formation. The Omar field wa converted to a produced water inject ion cherne around 2004 
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after injecti 11 of around 0.4 Pore Volume CPV)  of low- 'al inity water. The current (2009) 

cumulat Ive injectlon l' approx imately 0.6 PV.  

Paul ledder et a l .  (20 1 0) work show, that the wettabi l ity can be changed at a re ervoir cale, 

'-, lmi lar to more control led experiment such as laboratory experiment and Log- Inject-Log te t . 

A large number of ob ervat ion, consistent l y  prove this change in wettabi l ity that is hown to 

lead to an increa ed recovery factor. The incremental recovery due to the change in wettabi l ity 

on a fie ld  wide cale i 5 - 1 5%. Thi range mo t ly overlap with the range obtained from the 

experimental data (9-23%)  and therefore the final conc1u ion is that the incremental recovery due 

to low- alinity injection in Omar Field amount to 1 0- 1 5% of the STOUP. The main is ue to be 

managed are water ourcing, water di po al and water mixing in the reservoir. 

2.8 The Object ive of This  Work : 

l .  l nve t igate the merit of u ing Low Sal inity flooding technique to enhance oi l  recovery 

in a B u Hasa reservoir. 

2 .  Better under tanding of the mechani m involved in the addit ional recovery of  oil by  low 

al inity flooding. 

3 .  Study the effect o f  LowSal o n  contact angle and 1FT. 

4. Inve tigate the effect of different ion, (SO./ and Ca2+) on the recovery proce 
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3. 1 Bu Hasa Fie ld :  

CHAPTER 3 

EXPERI MENT AL APP ARA TUS 

AND PROCEDURE 

The B u Ha a field  i: located outh west of Abu Dhabi city in and dunes and intervening plain 

between the area of Saruq Qufa and B ida Al Qemzan. The field wa fir t discovered in 1 962 

and oil product ion commenced in 1 965 .  I t  ha the highest instal led production capacity of any of 

DCO' field . In terms of proven oi l  reserve , it i one of the top twenty fields in the world. The 

current average re ervoir pre UTe i about 3 300 psig and the bubble point i found to be 2502 

p ig. The current re ervoir formation volume factor i 1 .53 1 R B/STB and the current olution 

ga oi l  rat io i 76 1 SCFlbbl .  

3.2 Materials Used I n  t h e  Experiments:  

3.2.1 C rude oi l :  

Re ervoir  crude o i l  from the Bu  Ha  a field fie ld  was used in a l l  experiment . The o i l  wa 

filtered through a 5 .0 11 m filter paper (with a vacuum pump) to remove any po sible particles. The 

oil is weet oil that has no H2S and about 2 .6  mole % CO2 which i very low. The oil density 

and v isco ity are 0 .825  glcc and 3 .08 cp mea ured at room temperature ( 2YC), respect ively. 

The compo it ional analy i of the crude oi l  i i l lu  trated in Table 3 . 1 .  
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0 

H2S 0 

CO2 2 .59 

2 O. L 

C!  34. 1 6  

C2 6.72 

C, 6.36 

iet 1 . 54 

nC4 4 .05 

3.2.2 B rines: 

E��"� .ol�P:':!�le�ts:. . 
.... ,_ • .-. .6  .. ,� 

Cs 0.0 1 

iC5 1 .99 

nCs 2.66 

C6 4.78 

C7 3 .82 

C 6. 1 1  

C9 2 .58  

CIO+ 22.5 1 

Total 1 00 

In thi 'tudy, five type of water were used. The fir t type i the original formation water (FW) 

which wa u ed to aturate the core amples .  Thi water was prepared in the laboratory with 

alinity of about 1 63 ,07 1 ppm and den ity of 1 . 1 1  glee. The second type i U m- Radhuma (VER) 

water which i the formation water that has been u ed in flooding of the re ervoir for many 

year . A l ive ample of thi water wa filtered, degased, then used in the experiments. Thi water 

ha. a al inity of about 1 97 ,584 ppm and density of 1 . 1 5  glee. The third type is Sim ima (S IM)  

water which i formation water that ha been used in water flooding the re ervoir for many year . 

A l ive ample from of this water wa filtered, degased, then used in the experiments. Its al inity i 

about 224,987 ppm and it den ity i 1 . 1 6 glee .  The forth type is sea water (SW) which wa 

col lected from the one Arabian Gulf beache in Abu Dhabi .  I t  was fil tered, dega ed, then u ed in 
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the e 'perimenh. It salinity i� about 43,9 0 ppm and its density i 1 .029 g/cc. The fifth type i� 

di�t i J \ed water which was prepared in the laboratory. 

Table 3 . 2  shov.·, the anal " i�  of 111- Radhuma ( UER) water, S im irna (S IM)  water, format ion 

water ( FW) and , ea water ( W).  

mg/L 
T) pe TDS salinity ( ppm) 

Ca++ K Mg++ Na+ co} HC03' C) , SO�" 

S I M  20808 - - - 3047 682 1 4  - - - 1 1 9 1 506 1 7  350 224987 

V E R  1 4033 - - - 3024 5 76 1 3  - - - 244 1 22023 420 1 97584 

FW 1 5992 - - - 1 282 5 1 820 - - - 39 1 1 1 1 852 272 1 6307 1 

SW 600 - - - 1 560 1 3900 200 24300 420 34980 

3.2.3 Core sam ples: 

Five core samples were 'elected from well  number 589 in Bu Ha a field. The properties of the e 

core are I i  ted in Table 3 . 3 .  Four of these core sample were used in the flooding experiment , 

namely, number 3 1 ,  39, 40 and 42. The fifth core sample (no.46) was used for contact angle 

mea urement . Figure 3 . 1 shows an image of one of the core ample which ha no vugg or 

fracture' .  
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I I\1PLE I DEPTH L D 

1\0 ft m em 

3 1  8694 90 7.090 3 . 843 

39 8695 . 1 0  7 032 3 . 850 

40 8697. 30 7 . 247 3.i\53 

42 870 1 .80 7 . 272 3 855 

46 8702. 1 0  7 1 60 3 . 860 

3.2.4 Safety precaution : 

K\\ 

md 

8.7 

8 . 5  

8 . 7  

8.8 

7.7 

f I�Urt I ( .It 

D R Y WT 

gm 

1 64 080 

1 63470 

1 70.2 1 0  

1 90. 1 60 

1 90.800 

AT WT 

gm 

1 86.700 

1 84.960 

1 92.370 

205.030 

204. 1 30 

PV ¢ 

ee frae. 

20423 0.248 

1 9402 0 237 

20.007 0 237 

1 3 .425 0. 1 58 

1 2 035 0. 1 44 

Core analy i work involve h igh ri k and it i mandatory to wear lab coat, gloves and goggle at 

al l  time . Organic olvent ( toluene, n-hexane etc . )  mu t be u ed under the fume hood and when 

u ing them fume rna k mu t be u ed. Face shield and ear plug mu t be used while dri l l ing and 

trimming of core sample . 

3.3 Experimental Set u p  and Procedu res: 

3.3. 1 Cutt ing, tr imming and clean ing of core samples: 

Standard core lab procedures were implemented in cutting, trimming and cleaning the core 

·ample . In order to conduct core flooding experiments, core plugs of lze 1 . S in diameter i 
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needed. DIamond Tooled Dri l l  Pres, 1. used to cut the plug from the whole core that we 

rec ived from the company. It i.., adapted to cut plug cyl inders from elected core samples, a dri l l  

b i t  with a cuttmg urface of small diamond chips is uti l ized in the dri l l  ing proce . U,  ing tap 

water or air a dri l l ing fluid ' , thi machinery can dri l l  all types of rocks to produce plug samples 

with 1.S mche in diam ter and up to 3 .0  inche in length . 

l a  (h) 

I lIfl _ DI. III JIl l I )() l d  Dnll Pil I l \If 1 11111111 111 ... 1 .ldu l ll n .  

After the cutting o f  the core , a core trimm ing machinery wa u ed to trim and fine trim the plug 

ample and give them a cyl indrical hape. Figure 3 . 2  how the Diamond Tooled Dri l l  Pres 

machine and core trimming machine. 

Soxhlet Extraction Apparatu was used to extract oil and salts and clean the core amples a 

hown in Figure 3 . 3 .  This unit can handle 6 amples at a time. Usual l y  toluene i recommended 

to extract hydrocarbon , and methanol is recommended to extract salt , but they may be replaced 

with any other solvent . 
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The cleaning proce that wa u ed i the core lab standard procedure and i t '  a fol low: 

1 .  The core are placed l ike in Figure 3 . 3  in the upper part of the Soxhlet. 

2 .  Toluene i p laced in  the fla ks i n  the lower part o f  the Soxhelt .  

3 .  Start the water flow through the water conden er. 

4. Start the heater under the fla k . 

5 .  The cores are to  be leaved in the Soxhelt for three days under ob ervat ion. 

6 .  After the three days, core are removed from the Soxhelt and placed in open air for at 

lea, t two hour to dry. 

7. The core are to be expo ed to ultraviolet l ight ource . If it tart to glow (fluore cent) 

then there i orne re idual organic materials present then tep 1 to 6 is repeated if not , the 

core i organic free . 

8 .  S tep 1 to tep 7 i repeated by instead of using toluene the flask 

methanol and to be leaved for three day also under observat ion. 

be fil led with 

9 .  After the three day . core are removed from the Soxhelt and placed in open air for at 

l ea t two hour to dry. 
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J O. drop of g 01 is to be pIa ed on the core . I f  a precipitate of white color is formed 

there are c nIh in the core and step 8 and 9 i repeated if not, is core i. salt cleaned. 

1 1 . Cores are placed in open air for at lea t two hour to dry. Then placed in oven for eight 

hour . 

3.3.2 Pres u re a t u ration of the  core : 

The purpose of thi experiment i to evacuate and pre ure aturate core samples with brine. Thi 

a preparation tage prior to many advanced rock propert ie analy e . Core saturat ing cylinder 

1 ·  U e d  t o  -aturate core ample with brine under pre ure .  Thi cyl inder i attached to a vacuum 

pump 0 air i pul led out of the amples before aturat ing pres ure i appl ied; pre ure may be 

elevated up to 1 0.000 P i .  Figure 3 .4 hows the Core Saturat ing Cyl inder. 

Pressure Ga uge 

Dry l i ne tra p  

Saturator 

....... -... -4 .... ---

1 11-1I I � 4 { I l �alUi at l ll, ( h ndll  

Vacuum Ga uge 

Vacuum p u m p  

l i n e  

Pressure p u m p  

Again, core lab procedure were implemented in the core Saturat ion proce s and as  fol low: 

1 .  Measure the dry weight of each sample and record. 
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2 .  Emure that �aturator cyl inder i,' clean and dry. 

3 .  areful ly place the core ample(�) into the saturator. Take care not to dis lodge grain. from 

the ·ample�. 

4. Include clean 'pacer (e.g. rubber plug ) to minimize unu ed volume in the saturator ( the 

plug clo e t to the outlet p0l1 hall  be placed with it curved edge next to the port) .  Close 

the . aturator. 

5 .  Connect the vacuum OUITe to  the top of  the saturator. En  ure that a clean, dry l iquid trap i 

in-l ine clo e to the saturator and a vacuum gauge i connected. 

6 .  Clo e the valve at  the bottom of the aturator, open the valve a t  the top of the saturator, 

witch on the vacuum and monitor the vacuum gauge. A vacuum, equivalent to 29 inches 

of mercury or more, hal l  be maintained for a minimum period of 4 hour . 

7. Prime and flush the pre ure pump, including the bypa l ine, with brine (or the saturant 

fluid). Connect the pump to the bottom valve on the aturator and bleed the cOlmecting l ine 

to remove all air. 

8 .  Open the pump bypass valve, open the bottom valve of the saturator and allow brine to be 

drawn from the brine ource, through the pump bypass and into the saturator. Continue to 

fil l  the aturator with brine unti l  brine appears in the vacuum l ine at the top of the separator, 

and then do e the valve at the top of the eparator. 

9 .  Turn off the vacuum supply. 

1 0 . Clo e the pump bypass valve, operate the pump and increase the pre ure in the saturator to 

2000 p ig. Monitor the pressure regularly for approximately 30 minute and top-up to 2000 

p ig if required 
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I I . lean the I iquid trap in the vacuum l ine and the l ine that connected the trap to the saturator. 

Lea e them clean and dry. 

1 2 . Close the al e at the bottom of the separator. Di connect the pre'sure pump and 

thoroughly flush it with de-ionized water to clean out brine . 

1 3 . Maintain a pre' ure of 2000 psig in the eparator for a minimum of 4 hour for penneable 

sample C>SOmd), and a minimum of 8 hour for impenneable ample « SOmd). 

1 4 .  Place the clean pIa tic ample storage container under the saturator and careful ly crack 

open the bottom valve of the eparator. Let the pre ure in the aturator decrea e slowly to 

minimize pre sure differential within the core ample . 

1 S .  When the pre ure in the aturator has reached 0 p ig add fre h brine (or aturant fluid) to 

the 'torage container. Open the saturator drain off the brine (or saturant fluid) and 

immediately place the aturated core amples in the torage container ful ly submerged 

under fluid. 

1 6 . C lean the aturator and work area thoroughly .  

1 7. Remove a core sample from storage under fluid; wipe off excess fluid by finnly rol l ing the 

ample ides and both ends on hard (low ab orbency) paper towel .  Weigh the ample. 

Immediately  replace the ample under fluid in the torage container. Record the weight on 

under Saturated Weight .  

The pore volume of the core was calculated from equation 3 . 1 .  The calculation is  based upon the 

weight difference between dry and wet core 1 00% saturated with FW of known density .  The 

porosity wa then detennined from equation 3 . 1 and 3 . 2 .  

pv ( 3 . 1 )  
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Where: 

Pt' = pore volume of ore ample, cc 

Ws = 1 00% saturated weight of core ample with with FW, gm 

�I'" =dry weight of core ample, gm 

p" = den ity of FW brine, grn/cc 

I'b = bulk volume of the core ample, cc 

cp = poro ity of core sample, d imen ionle . 

3.4 Liquid Permeabi l i ty :  

The LPAO I L  Liquid Permeameter is  designed for mea urement of l iquid penneabi l ity. The fluid 

can be injected into and through the core sample .  Data i read by the software and the 

penneabi l ity i calculated, thi data can be stored in excel fi le. The Liquid Penneameter is 

uppl ied with a core holder that accomodate cores of 1 . 5 inch diameter, of maximum 3-inch 

length .  It i al 0 uppl ied with a pump to flow the fluid through the core and to provide 

overburden pre ure. It has a flow rate range from 0 to 1 0  mllmin, and a max imum pressure 

rating of 6000 p ig.A differential -pressure tran ducer i provided to monitor the differential 

pre ure acro the core ; it has a ful l -scale range of 1 25 p ig .  Figure 3 . 5  how the Liquid 

Penneameter apparatu . 
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The permeabi l i ty  of the core to brine wa then calculated by Darcy' law a expre ed in 

equation 3 . 3 .  S ince the experiment only involve ingle phase, the brine permeabil ity is  equal to 

the ab olute permeabil i ty .  

K = 
-,-f.1_. _L_· v,_o_' '_1_46_0_0 

I1p · A · , 

Where : 

/1 = brine v i  co ity, cp ( at mea ured temperature) 

L = length of core ample. cm 

Va! = volume of collected brine effluent, ml 

/Jp = pre ure differential acro the core p 19 

A = core ample cro 
. 2 

ectlOnal area, cm 

, = time for effluent col lect ion, sec 

(3 .3) 

1 4600 = conver ion factor to convert psig to atmospheres and to convert Darcys to mil i iDarcy 
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3.5 ore Flood i n g  E x p  n m  n t  a n d  et u p :  

3.5.1 O i l  flood i n g :  

Oil  flood v" re onducted at can tant injection pre ure of 100 P ia and at room temperature of 

2S 0 
. The core positioned in a vertical configuration and oi l  wa injected at the top. Oil  wa, 

mjected u ing the oi l  reservoir arrangement de cribed in Figure 3 .6 .  Produced oil and water 

ere oUeeted in a burette. Oi l -water and air-oil interface were recorded to calculate aturation. 

Flowrate wa,' regularly measured with a top watch and pressure drop wa measured 

cont inuou ly .  

Pressure Gage 
011  container 

N I  rogen Cylinder U B,�tt' 

Core effluent 

The core holder is designed for high pressure flood tests. It is suppl ied with a core holder that 

accomodate core of I .S i nch diameter, of max imum 3- inch length a' shown in Figure 3 .7. 
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3.5.2 Water flooding: 

The waterflooding repre ent the main te t in  thi work . The expermintal setup shown in 

Figure 3 . 6  was u ed in  al l  water flooding te t . The crude oi l - saturated core was flooded with 

brine and the volumes of produced brine and oi l  were recorded a a function of time at constant 

pre ure drop. Thi proce wa conducted at low rate to avoid fingering. The injection of brine 

continued unti l  oi l  cea ed to how any production at the core outlet . The mea ured stable 

pre ure drop( ) and the corresponding flow rate(s )  were u ed to calculate end-point water 

permeabil ity to water ( krn )sor u ing Darcy' law. The material balance was then appl ied to 

calculate the re idual oi l  saturation ( Sor) . Figure 3 . 8  i l lustrate a block diagram of all te t run 

performed in thi work. Experiment were conducted with the original UER, S IM ,  SW and 

disti l led water. Then, Experiment were conducted u ing the di lut ions of each water to find the 

optimum alinity water. The ionic concentration of sul fate and calcium ion was studied using 

the optimum al inity water. 
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3.6 Contact Angle Measu rements :  

i 
015\1 100 
Wate. 

In  an attempt to evaluate the effect of water al inity on wettabil i ty,  contact angle were measured 

with the e i le  drop method. The device consi ts of a box made of gla s with dimen ions of 1 0  

cm x 1 0  c m  x 1 3 . 5  cm. A circular l ime tone disk (Diameter 3 .6 cm) was placed on the top of the 

open ide of the table a hown schematical ly in Fig. 3 .9 .  The box wa fi l led with the pecified 

aline olution. Then a mall drop of oi l  wa allowed to re t at the bottom of the l ime tone di k .  

The change in the  drop size a function of  t ime was monitored u ing a digital camera. Different 

runs were performed to as e the effect of brine sal inity on the contact angle of the studied 

y tern. A photo of the oil drop as function of t ime wa taken every minute. The change in rock 

urface wettabi l i ty with t ime in the pre ence of brine solut ions wa mea ured. These runs were 

analyzed for contact angle determination u ing S igma Scan Pro image analysis oftware . 
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3.7 I n terfacial Tension ( I FT) Measu rements:  

The interfacial ten iometer wa u ed to determine the ten ion occurrmg at the interface of 

contact between a Ie den e fluid and a more den e fluid. The spinn ing drop apparatu shown in 

Figure 3 . 1 0  include a capi l lary tube, into which an aqueous fluid wa injected, fol lowed by a 

mall drop of oi l .  The tube was placed in a rotating device to make the tube pins. A microscope 

and trobe ( lamp) l ight were u ed to ob erve the elongation proces of the oil drop. 

Mea urement of the oil drop elongation were then taken and the interfacial ten ion wa 

calculated from the e mea uremenL . 
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The interfacial ten ion (IFf) mea urement u ing the p inning drop tensiometer can be calculated 

from the equation below, a de eribed by Cayia et al ( 1 975) .  

( 3 .4)  

Where: 

}' = interfacial ten ion (dyne/em) 

PII =den i ty of water (gm/ce) 

Po =den ity of oi l  (gm/ce) 

Rtf = diameter of the droplet (em) 

(j)= rotation peed (rpm) 
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CHAPTER 4 

RESULTS AND DISCUSS I ON 

.t. ! Re u l t  of Core Flood i n g  Experi ment : 

.t.1 .1  Flood i n g  w i t h  UE R  water:  

In order to evaluate the effect of different alinitie on the recovery eleven core flooding te t 

were condu ted . ER brine with it original al inity of 1 97584 ppm was di luted to the half of it 

c al init 98792 ppm then to 5000 ppm and 1 000 ppm. The original brine and its di lut ion were 

u ed in flooding the core at ambient temperature and a pre ure difference of 1 00 p i .  The 

flooding re ult was plotted a percent oi l  recovery from the original oi l  in  place (OOIP) ver us 

pore volume injected of brine as hown in Figure 4 . 1 .  

90 

0.... 80 
-
0 70 0 
'-< 60 0 

50 
� 
H 40 C) >-
0 30 () 0 
\.... 

20 -. ..... 
0 1 0  

0 

0 5 1 0  1 5  

Pore volume I njected 

E R  
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FIgure ..f . l how� that the highest reco ery percent was obtained from the 5000 ppm di lution 

'" h lch was about 84. % of the OOIP.  The lowe t recovery percent was obtained from the di luted 

waler which wa - about 60.5  % of the OOlP. The 1 000 ppm di lution was the lowest salinity of 

ER waler u, ed and it gives a lower reco ery from the 5000 ppm dilut ion which wa 77 .4 % of 

the OO IP. I I  the ER water di lut ion re ul ted in a higher recovery than the disti l led water. 

Therefore, the alinity of 5000 ppm wa con idered as the optimum sal inity for further 

evaluation. 

4. 1 .2  Flooding with  81M water:  

S IM brine with it original al inity of 224987 ppm wa fir t di luted by 50% (sal inity of 1 1 2493 

ppm) then to 5000 ppm and final ly  to 1 000 ppm. The original brine and the di luted olut ion 

were u ed in flooding the core at ambient temperature and a pres ure difference of 1 00 p i. The 

re ult  of thi part are i l lu trated Figure 4 .2 .  
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Figure 4 .2 show that the h ighe t recovery percent was obtained from the 1 000 ppm di lut ion 

which wa about 74.4 % of the OOIP. The lowe t recovery percent wa obtained from the 

original S I M  water which was about 48.9 % of the OOIP. The 50% di lution resulted in a 

recovery percent of 53 .5  % of the OOIP then the 5000 ppm di lution resulted in a recovery of 

70.0 % of the OOIP. 

4. 1 .3 Flooding with Sea Water:  

Sea water brine of original al inity equal 43980 ppm wa di luted to 5000 ppm. The original brine 

and i t  di luted olution were u ed in flooding the core at ambient temperature and a pre sure 

difference of 1 00 p i. The results of this part are hown in Figure 4 . 3 .  
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Figure 4 . 3  how that original SW re ulted in a recovery percent of  60.2 % of  the OOIP and the 

5000 ppm brine give a recovery of 62 .2 % of the OOIP and the dist i l led water re ulted in a 

recovery of 60.5 % of the OOIP. The three waters re ulted in comparable results a there i no 

ign ificant increa e by di lution. 

4.2 Discussion of Results  of Core Flooding Experi ments:  

Figure 4. 1 ,  4.2 and 4.3 show that flooding core ample with the three different brines at their 

original al init ie re ulted in the lowest ult imate oil recoverie . Also, by diluting the e brine to 

lower sal initie the oil recovery increased dramat ical ly  expect for SW a its original sal inity is 

not h igh a in UER and S IM brine . The h ighe t oi l  recovery of 84% of OOIP recovery wac 

achieved by flooding with UER brine which at 5000 ppm. 
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Tang and mOITO ( 1 999) ob erved similar trend. and attributed these improvements to the 

pre.'en e of clay in their core samples. The concluded that the flow mechanism in LowSal i'i 

highly ontrol led by the clay. The core ample u ed in this work are clay free and therefore 

another flow mechani m wa' re 'pon ible for the increa ed oil recovery by LowSal . Pu et al . 

(200 ) ob. erved increa ed in oil recovery but in clay-free core ample . They propo ed that 

dolomite cry 'tal could play an important role in the low salinity recovery mechanism. 

4.3 Results  of Changing I onic Com posit ion of The Brine:  

To evaluate the effect of Ca2+ and sol- concentration on the performance of LoSal flooding, 

ten core flooding run were conducted. The 5000 ppm dilution of UER brine wa used as the 

ba e water for evaluating the effect of ionic composition because the highest oil recovery was 

achieved by the 5000 ppm di lution of UER brine which was about 84%.  The fir t five core were 

flooded with water ER at 5000 ppm and sulfate concentrations of 1 1 . 7  ppm, two t ime , four 

t imes, and ix t imes the original u lfate concentration of the UER water at 5000 ppm, and the 

re ult are hown in Figure 4 .4 .  
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The concentration of the sulfate were 1 1 .7 , 23 .7 , 47 and 69.7  ppm and the e concentration 

repre ent the original u lfate content ( I x) ,  two t ime (2x), four time (4x),  and ix t imes (6x) ,  

re pectively .  Figure 4.4 show that four t ime the original sulfate content re u lted in the h ighest 

oil recovery of about 87 .2  % of the OOIP. The ix t ime the sulfate content resul ted in the lowest 

oil recovery of about 6 1 .5 % of the OOrP which i comparable to the di t i l led water of about 

60.5 % of the OOrP. Figure 4.4 al 0 shows that increa ing the sulfate concentrat ion in the brine 

olut ion the recovery could increase until a crit ical value i reached then it starts to decrea e 

again. Thi behavior was observed in thi work and that the critical value of S04·2 wa equal to 4 

time it original value. The e results confirm Webb et al . (2005) finding . In their tudy they 

compared oil recovery from a North Sea carbonate core samples u ing sulfate free formation 

imulated brine with seawater, which contain sulfate. The final re ult showed that the 
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imulatcd eawater was able to in rease the reco ery by 20 percent . There i'> no clear evidence 

on the critical concentrat ion in the l i terature. 

The econd et of coree were flooded with ER water at 5000 ppm with calcium concentrat ion, 

of 332  ppm, two l ime , four t ime', and ix t ime the original calcium concentration in the UER 

water at 5000 and the re,'ults are hown in Figure 4 .5 .  
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Figure 4 .5  how that calcium concentration ha a negative effect on the recovery. Flooding with 

the original calcium concentration yield the highest recovery and by increasing the calcium 

concentration the recovery decrease . The MIE  ( mult icomponent ionic exchange) concept that 

wa proposed by Lager A . ,  et a l .  ( 2008) and the Double layer effect that wa sugge ted by 

Ligthelm et al . ( 2009) indicate that calcium play a key role in the oil recovery proces in the 

presence of clay. In thi work, however, it i hown that in clay-free core ample , flooding with 
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cal lum could ha e a negat ive effect on oi l  recovery. complete I i �t ing of the re 'ult� of [h i. 

sect ion I :  pre:ented in appendi 

4.4 Contact A n gle MOeas u rement : 

The conta t angle measurement were conducted to inve tigate the wettabi l i ty change as part of 

the re over mechanism in LowSal flooding. The brine addre ed in the previous ect ion , were 

u<;ed in contact angle mea urement . Figures 4.6 4 .7 ,  and 4 .8  show the re ult of the contact 

angle measurment for UER,  S IM and SW brines and their di luted olution , respect ively. 
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Figure. 4.7 and 4 .  . how that the re overy mcrea e a the contact angle increases. In other 

word. the recover increa:e as the wettabil ity change to more intermediate leve1 .  This re ults i" 

Il1 onu"adict lOn with l adhunandan and Morrow ( 1 99 1 ) , Tang and Mom'ow ( 1 999) and Zhang 

and Morrow ( 2006) :  they all  concluded that water wet wettabi l ity yield higher oil recovery. 

Chinedu gbalaka et al . ( _008 )  conducted a review on the effect of re ervoir rock wettabi l ity on 

oil recovery for econdary and tert iary oi l  recovery proce se. . Several field case as wel l a 

laboratory studie were di cu ed. The fact that wettabi l ity affect oil recovery can affect oi l  

recovery efficiency L widely acknowledged. However, the wetting pha e that wi l l  re ult  in 

optimal recovery of oil ha been the ubject of inten e debate. Chinedu Agbalaka ob erved that 

the rea 'on for thi d i  ergence in ob erved report i attributable to a number of factor which 

include : 

1 .  Difficulty in  wetting tate reproducibil i ty .  

2 .  Lack of a unified tandard and procedure for coring, core handl ing and core torage. 

3 .  The wetting tate characterization method adopted. 

They concluded that trongly oi l  wet re ervoirs give the lea t oil recovery and the best recovery 

appear to be the intermediate wet re ervoir . The e findings are consistent with the re ults of the 

pre ent work. Sharma and Fi loco (2000) also sugge ted that low alinity brine changes the 

wetting properties of the rock surface from water-wet to mixed-wet and thereby increase the 

recovery. 

Figure 4 .8  how that there i hardly any change in the contact angle between the original SW 

brine and the 5000 ppm solution of the SW brine. Thi ob ervation may explain the re ult 

pre ented earlier in Figure 4 .3 where flooding with LowSal SW has no effect on the oil recovery. 
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bo hown in Figure -l . 3  that the oil reco ery perfonnances in the three run , including di, t i l led 

water are comparable .  

In order to inve t igate the changing the ionic compo it ion on wettabi l i ty, eight brines with 

different concentrat ion of Ca2+ and SO./ were u ed. The Ca2+ concentrat ion range from 332 

ppm to 1 992 ppm . .  The SO}- concentrat ion range from 1 1 .7 ppm to 69.9 ppm. Figure 4.9 and 

4. 1 0  how, the re ult. of the contact angle mea urements for the different sol- and Ca2+ 

concentrat ion, re pect ively. A complete l isting of contact angle measurement can be found in 

the appendix B .  
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Figure 4.9 how that highest angle wa observed at 47.66 ppm concentrat ion of SO/-. This 

ob 'ervation can explain Figure 4.4 as the 47.66 ppm concentration of SO.t yields the highest 

recovery. The re ult confirm the results of Chinedu Agbalaka et al . (2008) as they concluded 

that the be t recovery appear to be achieved in the intermediate wet re ervoir . Zekri et al . 

(20 1 1 )  inve t igated the effect of EOR techniques on wettability and oil recovery of carbonate and 

sand tone formation. They concluded that increa ing the sulfate concentrat ion in the injection 

brine changed the wettabil i ty the chalky and microcrystal l ine l imestone used in their experiment 

to more water wet . 
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4.5 I T M a u r  ment 

Interfacial tension mea. uremenL ( IFf) were conducted u ing Bu Hassa crude oil and different 

brine� to a � .' S the effe t of IFf on the mechani, m of LowSal flooding. All measurements were 

carried out at ambient ondition:, which are the ,arne conditions at which corefiooding and contact 

angle e periment v ere conducted. Figure' 4. 1 1  to 4. 1 6  show the re ult of IFf measurement for 

different brine . 
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o clear trend wa ob erved between the improved oil recovery and the measured interfacial 

ten ion. The results al 0 indicate that there is an optimum alinity for different te ted brines but the 

ob erved optimum alinity doe not correlate the optimum oil recovery by LoSal . Therefore, 

interfacial ten ion may not be respon ible for the increa e in oil recovery due to the injection of 

low al inity water. Thi observation contradict the re ult of Taha M. (2009) who inve t igated the 

effect of brine alinity on interfacial ten ion in Arab-D carbonate re ervoir in Saudi Arabia. He 

concluded that the reduction of IFf with brine di lution reflect the potential implication of low 

alinity flooding in improving oil recovery. 

4.6 PH Mea u re m e n ts:  

Some tudie have shown a ri e in pH during LoSajTM laboratory experiments .  Thi ri e in pH is 

due to two concomitant reactions : carbonate d i  solution and cation exchange. The di  solution of 

carbonate ( i .e .  calcite and/or dolomite) result in an excess of OH- and cation exchange occurs 
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between cla mmeral and the invading water. The di solution reactiom. are relative ly � low and 

dependent on the amount of carbonate material pre ent in the rock (Lager el a l . ,  2006) .  

onfl icting ev iden e throw doubt on  thi mechani m being the cau e of the LowSal effect. The 

re, uits obtained from the core flooding experiments and pH mea urements of thi tudy indicate 

no correlation between the pH variation and improved oil through low salinity flooding a hown 

in figure 4 .17 Therefore, high pH may not be re ponsible for the increase in oil recovery with 

LowSal flooding. 

? nje ctlon 
8 
7 
6 

- :> 
r 

4 
3 

1 

5 111' 5 1 11' : 0 0 0  S li T  s·.·. 5 0 0 0  :1istt l l  
1 0 0 = ,  P PIT 1 0:::1 :) P p IT " a:e r 

P P fT 

Brine type 

I l l r � I  pH ,11m I II chl1l Hn hr n 

74 



CHAPTER S 

CONCLUSI ONS AND 

RECOM MEND ATIONS 

5. 1 S u m mary :  

ore flooding experiment' were conducted to inve t igate the effect of LowSal waterflooding on 

a ,'elected carbonate re ervoir (Bu  Hasa fie ld) in UAE and to lnve t igate the effect of ca2+ and 

04 '2- ion concentrat ion on the recovery performance. A total of even teen core floods were 

conducted using different types of brine and their di lution . The experiments were conducted at 

room temperature and low pre ure. 

Contact angle and IFf measurement were performed to have a better under tanding of the 

LowSal mechani m using different type of brine and their di lutions. The experiments were 

conducted at ambient condit ion . 

5.2 Conclusions: 

Ba ed on the result of the experimental work conducted in thi tudy the fol lowing conelu ion 

may be drawn: 

1 .  Low a l inity flooding eems to have good potentials in Bu  Ha a field .  

2 .  The re ul t  of the  contact angle mea urements indicate that lowering the olut ion sal inity 

move the wettabi l ity of the y tern toward intermediate wettabi l i ty which could be the 

mechani m re pon ible for the improved oil recovery. 

"' +  
3. The results of the pre ent core flooding experiment indicate that a the Ca- Ion 

concentration i increased the ult imate oi l recovery i decrea ed. 
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4.  In  real.,mg the sulfate tend ' to change the wettabil i ty to more intermediate wet. 

S. Th re is an ptimum O} ion concentrat ion of 47 ppm in the 5000 ppm ER which 

re"ulted 1ll highest oi l recover . It i '  bel ieved that this optimum concentrat ion of SO .. 2-

ion in the flooding te�t� is responsible for h ift ing the y tem' wettabi l ity to intermediate 

water-wet. 

6. Ba ed on the re ult of 1FT measurements, it fol low that it may not have a direct effect 

on LowSal flooding overal l  performance. 

5.3 Recom mendation 

Ba ed on the re ult of thi tudy it i recommended to conduct further work and as fol lows: 

1 .  Inve t igate the effect of 10wSai flooding under re ervoir conditions of pressure and 

temperature. 

2. U e of long core , compo ite cores or whole core , to better under tand the flow 

mechani m. 

3 .  Use x-ray scanner (LXRT) t o  have a picture o f  the in-situ saturation profi le . 

4 .  Inve tigate the effect of  other ions l ike Mg1 and the effect of  combining two ion on  the 

oi l  recovery performance . 
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APPENDI X  A 

RESULTS OFCORE FLOODING 

E XPERI MENTS 

R w  t 

T u be Total Water t i me 
o i l  

C u m  C u m  o i l  
Vo l Vpi 

Recovery 

N o .  Vo l .  cc v o l .  cc sec V o l .  cc cc % 
cc 

1 1 . 1  0 . 1  100 1 .0 1 . 1  0 . 1  1 .0 8 . 5  

2 1 . 2  0 . 1  2 00 1 . 1  2 . 3  0 . 1 2 . 1  1 7 . 8  

3 1 . 2  0 . 1 5  3 00 1 . 1  3 . 5  0 . 2  3 . 2  2 6 . 7  

4 1 . 1  0 . 3  400 0 . 8  4 . 6  0 . 3  4 . 0  3 3 . 5  

5 0 . 4  0 . 2  500 0 . 2  5 . 0  0 . 3  4 . 2  3 5 . 2  

6 1 0 . 5  600 0 . 5  6 . 0  0 . 3  4 . 7  3 9 . 4  

7 1 . 1  0 . 8  700 0 . 3  7 . 1  0.4 5.0 4 1 . 9  

8 1 0 . 8  800 0 . 2  8 . 1  0 . 5  5 . 2  4 3 . 6  

9 2 1 . 8  1 000 0 . 2  1 0 . 1  0 . 6  5 . 4  4 5 . 3  

1 0  2 . 1  1 . 9  1 200 0 . 2  1 2 . 2  0 . 7  5 . 6  4 7 . 0  

1 1  2 . 2  2 1 400 0 . 2  1 4 . 4  0.8 5.8 48.7 

12 2 . 2 5  2 . 1 5  1 600 0 . 1  1 6 . 7  0.9 5 .9 4 9 . 6  

13 4 . 6 5  4.45 2 000 0 . 2  2 1 . 3  1 . 2  6 . 1  5 1 . 3  

1 4  5 4.8 2 400 0 . 2  2 6 . 3  1 . 5  6 . 3  5 3 .0 

1 5  5 . 5 5  5 . 3  2 800 0 . 3  3 1 . 9  1 . 8  6 . 5  5 5 . 1  

1 6  1 0 . 2  10 3 500 0 . 2  4 2 . 1  2 . 4 6 . 7  5 6 . 8  

1 7  1 1 . 2  10.9  4200 0.3  5 3 . 3  3 . 0  7 . 0 5 9 . 3  

1 8  1 2 . 9  1 2 . 8 5000 0 . 1  6 6 . 2  3 .8 7 . 1  60.2  

19 1 6 . 1 1 6  5950 0 . 1  8 2 . 3  4 . 7  7 . 2  6 1 . 0  

2 0  5 1 . 8  5 1 . 6  8900 0 . 2  1 34 . 1  7 . 6  7 . 4 6 2 . 7  

2 1  100 9 9 . 9 5  1 1850 0.0 2 3 4 . 1  1 3 . 3  7 . 4  6 3 . 1  
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T u be I Total  Water t ime 
o i l  

V o l  
C u m  

V p i  
C u m  o i l  Recovery 

N o .  Vo l .  cc v o l .  cc sec Vo l .  cc cc % 
cc 

1 1 . 1  0 60 1 . 1  1 . 1  0 . 1  1 . 1  10.0 

2 1 . 1  0 1 3 0  1 . 1  2 . 2  0 . 1  2 . 2  20.0 

3 1 0 200 1 .0 3 . 2  0 . 2  3 . 2  2 9 . 1 

4 1 . 2  0 . 1  300 1 . 1  4.4 0 .2  4 . 3  39 . 1  

5 1 . 1  0 . 5  400 0 . 6  5 . 5  0 . 3  4 . 9  44.5  

6 1 . 2  1 500 0 . 2  6 . 7  0 . 4  5 . 1  4 6 .4 

7 1 . 3  1 . 1  600 0 . 2  8 . 0  0.4 5 . 3  4 8 . 2  

8 1 .4 1 . 2  700 0 . 2  9 . 4  0 . 5  5 . 5  50.0 

9 1 . 5  1 . 4 800 0 . 1  10.9 0.6 5 .6 50.9 

1 0  1 . 5  1 . 4 900 0 . 1  1 2 .4 0 . 7  5 . 7  5 1 . 8 

1 1  1 . 5  1 .4 1 000 0 . 1  1 3 . 9 0.8 5.8 5 2 . 7  

1 2  3 . 2  3 1 200 0 . 2  1 7 . 1  0 . 9  6 . 0  5 4 . 5  

1 3  3 . 3  3 . 1  1400 0 . 2  2 0 .4 1 . 1  6 . 2  5 6 . 4  

14 3 . 6  3 . 5  1 600 0 . 1  24.0 1 . 3  6 . 3  5 7 . 3  

1 5  5 . 2  5 1 900 0 . 2  2 9 . 2  1 . 6  6 . 5  59. 1 

1 6  1 2 . 6  1 2 . 2  2 600 0 . 4  4 1 . 8 2 . 3 6 . 9  6 2 . 7  

1 7  2 6  2 5 . 7  4000 0 . 3  6 7 . 8  3 . 7  7 . 2  6 5 . 5  

1 8  5 0 . 8  5 0 . 5  6666 0.3 1 18 . 6  6 . 5  7 . 5  6 8 . 2  

1 9  1 00.05 1 00 . 04 1 2064 0 . 0  2 18 . 7  1 2 . 1  7 . 5  6 8 . 3  

8 7  



I T u be Total Water t i me 
o i l  

C u m  C u m  o i l  
Vol Vpi  

Recovery 

N o .  Vo l .  c c  vo l .  c c  sec Vo l .  cc cc % 
cc 

1 1 . 4  0 60 1 . 4  1 . 4 0 . 1  1 . 4 1 9 . 7  

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

3 1 . 5  0 . 7  1 80 0.8 4 . 3  0 . 3  3 . 3  4 6 . 5  

4 1 . 5  1 240 0 . 5  5 . 8  0 . 5  3 . 8  5 3 . 5  

5 1 . 6  1 . 3  3 00 0 . 3  7 .4 0 . 6  4 . 1  5 7 . 7  

6 1 . 5  1 . 3  360 0 . 2  8 . 9  0 . 7  4 . 3  60.6 

7 3 . 3  3 . 1  480 0 . 2  1 2 . 2  0 . 9  4 . 5  6 3 . 4  

8 5 . 2  4 . 9  660 0 . 3  1 7 .4 1 . 4 4.8 67.6 

9 1 4 . 5  1 4  1 160 0 . 5  3 1 . 9  2 . 5  5 . 3  74.6 

1 0  2 6  2 5 . 6  2 000 0.4 5 7 . 9  4 . 5  5 . 7  80.3 

1 1  2 7 . 7  2 7 . 5  3880 0 . 2  8 5 . 6  6 . 6  5 . 9  8 3 . 1  

1 2  100.5 100.4 7700 0 . 1  1 86 . 1  14.4 6 .0 84 . 5  
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I T u be I Tota l Water t i me 
o i l  

Cu m C u m  o i l  
Vol  Vpi  

Recovery 
N o .  Vo l .  cc vol .  cc sec Vol .  cc cc % 

cc 

1 1 . 2 5  0 60 1 . 3  1 . 4  0 . 1  1 . 3  1 2 . 5  

2 1 . 2  0 1 2 0  1 . 2  2 .6 0 . 2  2 . 5  24.5  

3 1 . 3  0.01 190 1 . 3  3 . 9  0 . 3  3 . 7  3 7 . 4  

4 0 . 8  0 . 1  2 40 0 . 7  4 . 7  0.4 4.4 44.4 

5 1 0 . 6  300 0.4 5 . 7  0 . 5  4 .8 48.4 

6 1 . 1  0 . 8  360 0 . 3  6 . 8  0.5 5 . 1  5 1 . 4 

7 1 . 2  0 .9 420 0.3 8 . 0  0 . 6  5 . 4  54.4 

8 2 . 3  2 . 3  530 0.0 10.3 0 .8 5 . 4  54.4 

9 3 .9 3 . 5  700 0.4 14.2  1 . 1  5 . 8  58.4 

10 5 . 1  4 . 9  900 0.2  1 9 . 3  1 . 6  6 .0 60.4 

1 1  5 . 8  5 . 6  1 1 1 1  0 . 2  2 5 . 1  2 . 0  6 . 2  6 2 . 4  

1 2  9 . 7  9 . 5  1450 0 . 2  3 4 . 8  2 . 8  6 . 4  64.4 

13 1 2 . 3  1 2  1860 0 . 3  4 7 . 1  3 . 8  6 . 7  6 7 . 4  

1 4  1 4 . 7  1 4 . 5  2 3 5 0  0 . 2  6 1 . 8  5 .0 6 . 9  6 9 . 4  

1 5  2 7 . 1  2 6 . 8  3 2 00 0 . 3  88.9 7 . 2  7 . 2  7 2 .4 

1 6  5 1  5 0 . 7  4 700 0 . 3  1 3 9 . 9  1 1 . 3 7 . 5  7 5 . 4  

1 7  100.8 100 . 6  7430 0 . 2  240.7 19.4 7 . 7  7 7 . 4  
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I T u be 
I o i l  , 

Tota l Water t i me C u m  C u m  o i l  Recovery 
Vol Vpi  

N o .  V o l .  cc v o l .  cc sec Vol. cc cc % 
cc 

1 1 0 80 1 .0 1 .0 0.0 1 .0 5 . 6  

2 1 . 1  0 180 1 . 1  2 . 1  0. 1 2 . 1  1 1 . 7  

3 1 . 1  0 3 00 1 . 1  3 . 2  0 . 2  3 . 2  1 7 . 8  

4 1 . 7  0 500 1 . 7  4 .9 0 .2  4 . 9  2 7 . 2  

5 1 . 5  0 . 1  700 1 . 4 6 .4 0 . 3  6 . 3  3 5 .0 

6 0 . 7  0 . 5  800 0 . 2  7 . 1  0 . 3  6 . 5  3 6 . 1  

7 0 . 8  0 . 6  900 0 . 2  7 . 9  0 . 4  6 . 7  3 7 . 2  

8 0 . 8  0 . 6  1 000 0 . 2  8 . 7  0.4 6.9 3 8 . 3  

9 1 . 7  1 . 5  1 2 00 0 . 2  10.4 0.5 7 . 1  3 9 . 4  

10 2 . 7  2 . 5  1 500 0 . 2  1 3 . 1  0 . 6  7 . 3  40.6 

1 1  4 . 5  4 . 2  2 000 0 . 3  1 7 . 6  0 . 9  7 . 6  4 2 . 2  

1 2  4 . 8  4 . 6  2 500 0 . 2  2 2 . 4 1 . 1  7 . 8  4 3 . 3  

1 3  1 0  9 . 9  3 500 0 . 1  3 2 . 4 1 . 6  7 . 9  4 3 . 9  

1 4  1 2 . 6  1 2 . 3  4 700 0 . 3  4 5 . 0  2 . 2  8 . 2  45.6  

15 5 1 . 6 5 1 . 2  9 100 0.4 9 6 . 6  4 . 7  8 . 6  4 7 . 8  

1 6  1 00 9 9 . 8  0 . 2  1 9 6 . 6  9 . 6  8 . 8  4 8 . 9  

9 0  



T u be I Total I Water t i me 
o i l  

Cum Cum oi l  Recovery I 
Vol Vpi  

No.  Vo l .  cc vo l .  cc sec Vol.  cc cc % 
cc 

1 1 0 100 1 .0 1 .0 0.0 1 .0 7 . 9  

2 1 0 2 00 1 .0 2 . 0  0 . 1  2 .0 1 5 . 9  

3 0 . 9  0 3 00 0 . 9  2 . 9  0 . 1  2 . 9  2 3 .0 

4 0 . 7  0.05 400 0 . 7  3 . 6  0 . 2  3 .6 2 8 . 2  

5 0 . 7  0 . 1  500 0 . 6  4 . 3  0 . 2  4 . 2  3 2 .9 

6 0 . 7  0 . 2  600 0 . 5  5 . 0  0 . 2  4 . 7  36.9  

7 0 . 7  0 . 3  700 0.4 5 . 7  0 . 3  5 . 1  40. 1 

8 0 . 7  0 . 5  800 0 . 2  6 . 4  0 . 3  5 . 3  4 1 . 7  

9 0 . 7  0 . 5  900 0 . 2  7 . 1  0.4 5 . 5  4 3 . 3  

1 0  0.9 0 . 5  1000 0.4 8.0 0.4 5 .9 46.4 

1 1  1 . 4  1 . 2  1 200 0 . 2  9 . 4  0 . 5  6 . 1  48.0 

12 2 . 3  2 . 1  1 500 0 . 2  1 1 . 7  0 . 6  6 . 3  49.6 

1 3  3 . 9  3 . 7  2 000 0 . 2  1 5 . 6  0 .8 6 . 5  5 1 . 2  

1 4  5 . 2  5 2 660 0 . 2  20.8 1 . 0  6 . 7  5 2 . 8  

1 5  1 4 . 1  1 3 . 8  4400 0 . 3  3 4 . 9  1 . 7  7 .0 5 5 . 2  

1 6  1 4 . 5  1 4 . 2  6300 0 . 3  49.4 2 . 5  7 . 3  5 7 . 5  

1 7  50.03 50.01 14017 0.0 9 9 . 4  5 . 0  7 . 3  5 7 . 7  

18 100.04 100.03 2 1000 0.0 199.5 10.0 7 . 3  5 7 . 8  

9 1  



T u be I Total 
I 

Water I t ime 
o i l  

C u m  C u m  o i l  
Vol  Vpi  

Recovery 
N o .  Vo l .  cc vo l .  cc sec Vo l .  cc cc % 

cc 

1 1 0 60 1 .0 1 .0 0 . 1  1 . 0  7 . 1  

2 0 . 8  0 1 2 0  0 . 8  1 . 8  0. 1 1 . 8  1 2 .9 

3 0 . 7  0 1 80 0.7 2 . 5  0 . 2  2 . 5  1 7 . 9  

4 0 . 7  0 2 40 0.7 3 . 2  0 . 2  3 . 2  2 2 .9 

5 0 . 7  0 300 0 . 7  3 . 9  0 . 3  3 . 9  2 7 .9 

6 1 . 1  0 400 1 . 1  5 .0 0 . 4  5 .0 3 5 . 7  

7 1 . 1  0 500 1 . 1  6 . 1  0 . 4  6 . 1  4 3 . 6  

8 1 0 . 1  600 0.9 7 . 1  0 . 5  7 . 0  50.0 

9 1 0 . 5  700 0 . 5  8 . 1  0 . 6  7 . 5  5 3 . 6  

1 0  1 0.8 800 0 . 2  9 . 1  0 . 7  7 .7 5 5 . 0  

1 1  1 0 . 9  900 0 . 1  1 0 . 1 0 . 7  7 . 8  5 5 . 7  

1 2  2 1 . 8  1080 0 . 2  1 2 . 1  0 . 9  8 .0 5 7 . 1  

1 3  4 . 8  4 . 5  1 500 0 . 3  1 6 . 9  1 . 2  8 . 3  5 9 . 3  

14 10.6 1 0 . 1  2 380 0 . 5  2 7 . 5  2 .0 8.8 6 2 . 9  

1 5  1 2  1 1 . 6  3 300 0.4 39.5 2 . 8 9 . 2  65.7  

16 2 5 .9 2 5 . 6  5 1 50 0 . 3  6 5 . 4  4 . 7  9 . 5  67.9 

1 7  5 2 . 7  5 2 . 5  9807 0.2  1 18 . 1  8 . 4  9 . 7  69.3 

1 8  1 00.4 100.3 1 5920 0 . 1  2 18 . 5  1 5 . 6  9 . 8  70.0 
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I I o i l  
Tu be Tota l Water t i m e  C u m  C u m  o i l  Recovery 

Vol Vpi 
N o .  Vol .  c c  vo l .  c c  sec Vol.  cc cc % 

cc 

1 1 . 5  0 60 1 . 5  1 . 5  0 . 1  1 . 5  1 6 . 7  

2 1 . 6  0 1 20 1 . 6  3 . 1  0 . 3  3 . 1  34.4 

3 1 . 2  0 . 3  1 90 0 . 9  4 . 3  0.4 4.0 44.4 

4 1 . 4  0 . 8  240 0 . 6  5 . 7  0 . 5  4 . 6  5 1 . 1  

5 1 . 5  1 . 2  300 0 . 3  7 . 2  0 . 7  4 . 9  54.4 

6 2 . 5  2 . 2  360 0 . 3  9 . 7  0 . 9  5 . 2  5 7 . 8  

7 3 . 3  3 . 1  420 0.2 1 3 .0 1 . 3  5 . 4  60.0 

8 4 . 3  4 . 1  530 0.2 1 7 . 3  1 . 7  5 . 6  6 2 . 2  

9 5 . 9  5 . 7  700 0 . 2  2 3 . 2  2 . 2  5 . 8  64. 4  

10 10.4 10.2 900 0 . 2  3 3 . 6  3 . 2  6 .0 66.7  

1 1  14.8 1 4 . 6  1 1 1 1  0 . 2  48.4 4 . 7  6 . 2  6 8 . 9  

1 2  2 7 . 1  26.9  1450 0 . 2  7 5 . 5  7 . 3  6 . 4  7 1 . 1  

1 3  5 1 . 2  5 1  1860 0 . 2  1 2 6 . 7  1 2 . 2  6 . 6  7 3 . 3  

14 1 00 . 1  100 2 3 50 0 . 1  2 2 6 . 8  2 1 .8 6 .7  74.4 
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Tu be I Tota l Water I t i me 
oi l  

C u m  C u m  o i l  Recovery I 
Vol Vpi  

N o .  Vo l .  c c  vo l .  cc sec Vol.  cc cc % 
cc 

1 1 0 1 2 0  1 .0 1 .0 0 . 1  1 .0 9 . 7  

2 0 . 9  0 240 0 . 9  1 . 9  0 . 1  1 . 9  18.4 

3 0 . 7  0 . 2  3 6 0  0 . 5  2 . 6  0 . 2  2 .4 2 3 . 3  

4 1 0 . 7  500 0 . 3  3 . 6  0 . 2  2 . 7  2 6 . 2  

5 1 . 6  1 . 2  700 0.4 5 . 2  0 . 3  3 . 1  30. 1 

6 2 . 6  2 . 2  1 000 0.4 7.8 0.5 3 . 5  34.0 

7 2 . 9  2 . 7  1 300 0 . 2  10.7  0 .7  3 . 7  3 5 . 9  

8 3 . 1  2 . 9  1 600 0 . 2  1 3 .8 0.9 3 .9 3 7 . 9  

9 3 .4 3 . 2  1 900 0 . 2  1 7 . 2  1 . 1  4 . 1  3 9 . 8  

1 0  1 2 . 1  1 1 . 7  2 500 0 . 4  2 9 . 3  1 . 9  4 . 5  4 3 . 7  

1 1  1 5 . 7  1 5 . 2  4 100 0 . 5  4 5 . 0  2 . 9  5 . 0  48.5  

12  2 6 . 2  2 5 . 9  6090 0 . 3  7 1 . 2 4 . 5  5 . 3  5 1 . 5  

1 3  5 1 . 9  5 1 . 6 9860 0 . 3  1 2 3 . 1  7 . 8  5 . 6  54.4 

14 1 0 1 . 3  1 00 . 9  1 6800 0 . 4  2 24 . 4  1 4 . 2  6 .0 58.3 

15 1 00 . 7  1 00 . 5  24850 0 . 2  3 2 5 . 1  2 0 . 6  6 . 2  60 .2 
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I I I I o i l  
T u be Tota l Water t i m e  C u m  C u m  o i l  Recovery 

Vol  Vpi  
N o .  V o l .  cc v o l .  cc sec Vol .  cc cc % 

cc 

1 1 . 1  0 60 1 . 1  1 . 1  0 . 1  1 . 1  7 . 3  

2 1 0 1 20 1 .0 2 . 1  0 . 2  2 . 1  1 4 . 0  

3 1 0 180 1 . 0  3 . 1  0 . 2  3 . 1  2 0 . 7  

4 0.9 0 240 0 . 9  4 . 0  0 . 3  4 . 0  2 6 . 7  

5 0.9 0 .01 3 00 0 . 9  4 . 9  0 . 4  4 . 9  3 2 . 6  

6 0 . 8  0 . 1  360 0 . 7  5 . 7  0.4 5 . 6  3 7 . 3  

7 0.9 0.3  420 0 . 6  6 . 6  0 . 5  6 . 2  4 1 . 3  

8 0.9 0 .5  480 0.4 7 . 5  0 . 6  6 . 6  4 3 . 9  

9 1 .8 1 . 3  600 0 . 5  9 . 3  0 . 7  7 . 1  4 7 . 3  

10 1 .9 1 . 6  720 0.3 1 1 . 2  0 . 9  7 .4 4 9 . 3  

1 1  2 . 1  1 . 8  840 0 . 3  1 3 . 3  1 .0 7 . 7  5 1 . 3  

1 2  2 . 8  2 . 6  1000 0 . 2  1 6 . 1  1 . 2  7 . 9  5 2 . 6  

1 3  3 . 65 3 . 5  1 200 0 . 2  1 9 . 8  1 . 5  8.0 5 3 . 6  

1 4  8 . 8  8 . 5  1660 0 . 3  2 8 . 6  2 . 2  8 . 3  5 5 . 6  

1 5  1 8 . 8  1 8 . 5  2 600 0 . 3  47 .4 3 . 7  8 . 6  5 7 . 6  

1 6  2 7  2 6 . 7  3900 0 . 3  74.4 5 . 8  8 . 9  5 9 . 6  

1 7  50.6  50.4 6290 0 . 2  1 2 5 .0 9 . 7  9 . 1  60.9 

18 100.4 1 00 . 2  1 1400 0 . 2  2 2 5 .4 1 7 . 5  9 . 3  6 2 . 3  

9 5  



T u be I Tota l I Water t ime 
o i l  

C u m  C u m  o i l  
V o l  V p i  

Recovery 

N o .  V o l .  cc vo l .  cc sec Vo l .  cc cc % 
cc 

1 1 . 2 5  0 60 1 . 3  1 . 3  0 . 1  1 . 3  1 0 . 1  

2 1 . 2  0 1 2 0  1 . 2  2 . 5  0 . 2  2 . 5  1 9 . 1  

3 1 . 3  0 . 0 1  190 1 . 3  3 . 8 0 . 3  3 . 7  2 9 . 2  

4 0 .8 0 . 1  240 0 . 7  4 . 6  0 . 4  4.4 34.7 

5 1 0 . 6  3 00 0.4 5 . 6  0 . 4  4 . 8  3 7 . 8  

6 1 . 1  0 . 8  360 0 . 3  6 . 7  0 . 5  5 . 1  40.2 

7 1 . 2  0 . 9  4 2 0  0 . 3  7 . 9  0 . 6  5 . 4  4 2 . 5  

8 2 . 3  2 . 3  530 0.0 10.2 0 . 8  5 . 4  4 2 . 5  

9 3 .9 3 . 5  700 0 . 4  1 4 . 1 1 . 1  5 . 8  4 5 . 6  

1 0  5 . 1  4 . 9  900 0 . 2  1 9 . 2  1 . 5  6 . 0  4 7 . 2  

1 1  5 . 8  5 . 6  1 1 1 1  0 . 2  2 5 . 0  1 . 9  6 . 2  48.8 

1 2  9 . 7  9 . 5  1450 0 . 2  3 4 . 7  2 . 7  6 . 4  5 0 . 3  

1 3  1 2 .3 1 2  1 860 0 . 3  47.0 3 . 7 6 . 7  5 2 . 7  

1 4  1 4 . 7  1 4 . 5  2 3 50 0 . 2  6 1 . 7  4 . 8  6 . 9  54.2  

1 5  2 7 . 1  2 6 .8 3 200 0 . 3  88.8 6 . 9  7 . 2  5 6 . 6  

1 6  5 1  50.7  4700 0 . 3  1 3 9 . 8  1 0 . 9  7 . 5  58.9 

1 7  1 00 . 8  1 00 . 6  7430 0 . 2  240.6 1 8 . 8  7 . 7  60 . 5  

9 6  



T u be 
I 

Total Water t i m e  
o i l  

C u m  C u m  o i l  
Vol Vpi  

Recovery 

N o .  Vo l .  cc v o l .  cc sec Vol .  cc cc % 
cc 

1 1 0 40 1 . 0  1 . 0  0 . 1  1 .0 1 1 . 1  

2 1 0 80 1 .0 2 .0 0 . 2  2 .0 2 2 . 2  

3 1 . 4 0 1 50 1 . 4  3 . 4  0 . 3  3 .4 3 7 . 8  

4 1 . 5  0.4 2 30 1 . 1  4 . 9  0 . 4  4 . 5  50.0 

5 2 1 . 5  3 2 5  0 . 5  6 . 9  0 . 6  5 . 0  5 5 . 6  

6 2 . 6  2 . 3  4 3 5  0 . 3  9 . 5  0 . 8  5 . 3  58.9 

7 2 . 9  2 . 7  550 0.2 1 2 .4 1 . 0  5 . 5  6 1 . 1  

8 3 . 6  3 . 3  690 0 . 3  16 .0 1 . 3  5 .8 64.4 

9 4 . 3  4 . 1  850 0 . 2  2 0 . 3  1 . 7  6 . 0  66.7 

10 5.8 5 .6 1050 0 . 2  2 6 . 1 2 . 2  6 . 2  68.9 

1 1  10.2  10 1400 0 . 2  3 6 . 3  3 . 0 6 . 4  7 1 . 1  

1 2  14.9 14.7 1860 0.2 5 1 . 2  4 . 2  6 . 6  7 3 . 3  

1 3  2 9 . 8  2 9 . 5  2 700 0 . 3  8 1 .0 6 . 7  6 . 9  7 6 . 7  

1 4  5 1 . 7  5 1 . 4  4000 0 . 3  1 3 2 . 7  1 1 . 0  7 . 2  80.0 

1 5  103 . 3  103 . 2  6400 0 . 1  2 3 6 .0 1 9 . 5  7 . 3  8 1 . 1  
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I 
o i l  

T u be Tota l Water t ime Cum C u m  o i l  Recovery 
N o .  Vo l .  c c  vol .  cc 

Vol  
Vo l .  cc 

Vpi  
sec cc % 

cc 
I 

1 1 . 1  0 10 1 . 1  1 . 1  0 . 1  1 . 1  10.0 

2 1 0 1 20 1 . 0  2 . 1  0 . 2  2 . 1  1 9 . 1  

3 0 . 8  0 180 0 . 8  2 . 9  0 . 2  2 . 9  2 6 . 4  

4 0 . 7  0 2 40 0 . 7  3 . 6 0 . 3  3 . 6  3 2 . 7  

5 0 .8 0 300 0 . 8  4 . 4  0.3  4 .4 40.0 

6 0.6 0 360 0 . 6  5 . 0  0 . 4  5 . 0  4 5 . 5  

7 0 . 7  0 . 1 420 0.6 5 . 7  0.4 5 . 6  50.9 

8 0 . 6  0 . 2  480 0 . 4  6 . 3  0 . 5  6 . 0  5 4 . 5  

9 0 . 6  0 . 2  540 0.4 6.9 0.5 6.4 5 8 . 2  

10 0.6 0 . 2 5  600 0 . 4  7 . 5  0 . 5  6 . 8  6 1 .4 

1 1  0 . 6  0 . 3  660 0 . 3  8 . 1  0 . 6  7 . 1  64. 1  

1 2  0 . 6  0 . 3 5  7 20 0 . 3  8 . 7  0 . 6  7 . 3  6 6 .4 

13 0.6 0.4 7 80 0 . 2  9 . 3  0 . 7  7 . 5  6 8 . 2  

1 4  1 . 1  0.8 900 0 . 3  10.4 0.7  7 .8 70.9 

15 1 . 5  1 . 4 1060 0 . 1  1 1 .9 0 . 9  7 . 9  7 1 .8 

1 6  3 . 6  3 .4 1 4 10 0 . 2  1 5 . 5  1 . 1  8 . 1  7 3 . 6  

1 7  1 4 . 6  1 4  2 790 0 . 6  3 0 . 1  2 . 2  8 . 7  7 9 . 1  

1 8  2 6 . 1  2 5 . 6  5070 0 . 5  5 6 . 2  4 . 0  9 . 2  8 3 . 6  

1 9  6 1 . 3  6 1  10138 0 .3  1 1 7 . 5  8 . 5  9 . 5  86.4 

20 1 0 1 . 1  1 0 1  18497 0 . 1  2 18 . 6  1 5 . 7  9 . 6  8 7 . 3  
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T u be Tota l Water t ime 
o i l  

C u m  C u m  o i l  
Vol Vpi  

Recovery 

N o .  I Vo l .  cc vo l .  cc sec Vol.  cc cc % 
cc 

1 1 0 60 1 . 0  1 .0 0 . 1 1 . 0  7 . 7  

2 1 0 1 2 0  1 . 0  2 .0 0 . 1 2 .0 1 5 . 4 

3 0 . 9  0 180 0.9 2 .9 0.2  2 . 9  2 2 . 3  

4 0 . 9  0 2 40 0 . 9  3 .8 0 . 3  3 . 8  2 9 . 2  

5 0.9 0 .2  3 00 0 . 7  4 . 7  0 . 3  4 . 5  3 4 . 6  

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

7 1 . 5  1 . 1  470 0.4 7 . 1  0 . 5  5 . 5  4 2 . 3  

8 1 . 8  1 . 5  590 0 . 3  8 .9 0.6 5 . 8  4 4 . 6  

9 2 . 2  2 7 30 0 . 2  1 1 . 1  0 .8 6 . 0  4 6 . 2  

1 0  3 . 2  3 9 2 0  0 . 2  14.3  1 .0 6 . 2  4 7 . 7  

1 1  4 . 2  4 1 1 60 0 . 2  1 8 . 5  1 . 3  6 .4 4 9 . 2  

1 2  5 . 2  5 1 445 0 . 2  2 3 . 7  1 . 7  6 . 6  50.8 

13 6 5 . 8  1 785 0 . 2  2 9 . 7  2 . 1  6 . 8  5 2 . 3  

1 4  1 0 . 7  1 0 . 5  2 3 60 0 . 2  40.4 2 . 9  7 .0 5 3 .8 

1 5  1 5  1 4 . 8  3 1 60 0 . 2  5 5 .4 4 . 0  7 . 2  5 5 . 4  

1 6  2 6 . 1  2 5 . 8 4 600 0 . 3  8 1 . 5  5 . 9  7 . 5  5 7 . 7  

1 7  50.8 5 0 . 5  7 3 80 0 . 3  1 3 2 . 3  9 . 5  7 . 8  60.0 

18 100.4 100 . 2  10333 0.2 2 3 2 . 7  1 6 . 7  8 .0 6 1 . 5  
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T u be I Tota l Water ! t i me 
o i l  

C u m  C u m  o i l  Recovery 
N o .  Vo l .  cc vol .  cc 

Vo l 
Vol .  cc 

Vpi  
sec cc % 

cc 

1 0 . 9  0 60 0 . 9  0.9 0 . 1  0 . 9  9 .0 

2 0 . 9  0 1 2 0  0 . 9  1 . 8  0 . 2  1 . 8  18.0 

3 0 .85 0 180 0.9 2 . 7  0 . 3  2 . 7  2 6 . 5  

4 0 . 8  0 2 40 0 . 8  3 . 5  0 . 3  3 . 5  3 4 . 5  

5 0 . 8  0 3 00 0 . 8  4 . 3  0 . 4  4 . 3  4 2 . 5  

6 0 . 7  0 . 2  3 6 0  0 . 5  5 . 0  0 . 5  4 . 8  4 7 . 5  

7 0 . 7  0 . 4  4 2 0  0 . 3  5 . 7  0 . 6  5 . 1  50.5 

8 0 . 7  0 . 5  480 0 . 2  6 . 4  0.6 5 . 3  5 2 . 5  

9 0 . 8  0 . 5 5  540 0 . 3  7 . 2  0 . 7  5 . 5  5 5 . 0  

1 0  0 . 8  0 . 7  600 0. 1 8.0 0.8 5 . 6  56.0 

1 1  1 . 4  1 . 2  700 0 . 2  9 . 4  0 . 9  5 . 8  5 8 . 0  

1 2  1 . 5  1 . 3  800 0 . 2  10.9 1 . 1  6 .0 60.0 

13 1 . 6  1 . 5  900 0. 1 1 2 . 5  1 . 2  6 . 1  6 1 .0 

1 4  1 . 85 1 . 6  1 000 0.3 14.3 1 . 4  6 . 4  6 3 . 5  

1 5  3 2 . 8  1 2 00 0 . 2  1 7 . 3  1 . 7  6 . 6  6 5 . 5  

1 6  3 2 .85 1400 0 . 2  2 0 . 3  2 . 0  6 . 7  6 7 . 0  

1 7  4 . 7  4 . 6  1700 0 . 1  2 5 . 0  2 . 5  6 . 8  68.0 

18 4 . 9 5  4 . 8  2000 0 . 2  3 0 . 0  3 . 0  7 . 0  6 9 . 5  

1 9  8 . 1  7 . 9  1 500 0 . 2  3 8 . 1 3 . 8  7 . 2  7 1 . 5 

2 0  1 0  9 . 9  3 600 0. 1 4 8 . 1  4 . 8  7 . 3  7 2 . 5  

2 1  14 1 3 . 8  4343 0.2 6 2 . 1  6 . 2  7 . 5  7 4 . 5  

2 2  2 7 . 5  2 7 . 2  5800 0 . 3  8 9 . 6  9 . 0  7 . 8  7 7 . 5  

1 00 



T u be 

N o .  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

T u be 

N o .  

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

1 2  

1 3  

14 

I 
o i l  

Total Water t i me C u m  C u m  o i l  
Vol Vpi  

Vo l .  cc v o l .  cc sec Vo l .  cc cc 
cc 

1 .4 0 60 1 .4 1 .4 0 . 1  l A  

1 . 5  0 1 2 0  1 . 5  2 . 9  0 . 2  2 . 9  

2 . 3  0 2 2 0  2 . 3  5 . 2  0.4 5 . 2  

2 . 3  1 . 1  320 1 . 2  7 . 5  0 . 6  6.4 

2 . 5  2 420 0.5 10.0 0 . 8  6.9 

4 . 7  4 . 2  600 0 . 5  1 4 . 7  1 . 1  7 . 4  

5 . 7  5 . 4  800 0 . 3  2 0 . 4  1 . 6  7 . 7  

6 5 . 8  1000 0 . 2  2 6 A  2 . 1  7 . 9  

1 3 A  1 3  1 400 0.4 39.8 3 . 1  8 . 3  

2 2 . 5  2 2  2000 0 . 5  6 2 . 3  4 . 9  8 . 8  

1 00 . 3  1 00 4410 0.3  1 6 2 . 6  1 2 . 7  9 . 1  

r b f' A 1 7  Flood g e It of 5000 ppm UER with added S'X t m s Ce co e ntre t 01' 

Tota l 
o i l  

C u m  o i l  Water t i m e  
V o l  

C u m  
Vpi  

Vo l .  cc v o l .  cc sec Vol. cc cc 
cc 

0.8 0 60 0 . 8  0.8 0 . 1  0 .8 

1 0 1 2 0  1 .0 1 . 8  0 . 1  1 . 8 

1 0 180 1 .0 2 . 8 0 . 2  2 . 8 

1 0 2 40 1 . 0  3 . 8  0 . 3  3 . 8  

0 . 8  0 3 00 0.8 4.6 0 . 3  4 . 6  

0 . 8  0 . 1  360 0.7 SA O A  5 . 3  

1 . 2  0.4 450 0.8 6.6 0 . 5  6 . 1  

2 1 . 1  600 0.9 8 . 6  0.6 7 . 0  

2 . 8 2 . 1  800 0 . 7  1 1 .4 0.8 7 . 7  

3 . 1  2 . 6  1 000 0 . 5  1 4 . 5  1 .0 8 . 2  

6 . 6  6 . 2  1400 0.4 2 1 . 1  1 . 5  8 . 6  

10.8 l O A  2000 0.4 3 1 . 9 2 . 3  9 . 0  

2 0 . 2  2 0  3010 0.2  5 2 . 1  3 . 7  9 . 2  

1 0 1 . 9  1 0 1 . 2  7380 0 . 7  154.0 1 1 . 0  9 . 9  

1 0 1  

Recovery I 
% 

10.9 

2 2 . 7  

40 .6 

50.0 

53.9 

57.8 

60.2 

6 1 . 7  

64 .8 

68.8 

7 1 . 1  

Recovery 

% 

5 . 7  

1 2 . 9  

20.0 

2 7 . 1  

3 2 . 9  

3 7 . 9  

4 3 . 6  

50.0 

55.0 

58.6  

6 1 .4 

64 . 3  

6 5 . 7  

7 0 . 7  



APPENDIX B 

CONTACT ANGLE MEASUREM ENTS 

Rest Real 

T ime A CA Droplet  
la rge 

Depth contact 
D i a m  

M i n .  Degree Dist  mm angle 
mm 

Degree m m  

0 1 3 6 . 4  2 . 4 2 . 7  2 .0 4 3 . 6  

1 1 36 . 3  2 . 5  2 .8 1 . 7  4 3 . 7  

2 1 35 . 3  2 . 7  2 . 9  1 . 7  44.7  

3 1 3 5.0 2 . 7  2 . 9  1 . 6  45.0 

5 1 3 6 . 1 2 . 7  2 . 9  1 . 6  4 3 . 9  

1 0  1 3 7 . 0 2 . 7  3 . 0 1 . 6  43 .0 

15 1 3 6 . 0  2 . 7  2 .9 1 . 6  44.0 

20 1 3 4 . 6  2 . 7  2 . 9  1 . 6  4 5 . 4  

2 5  1 3 3 . 3  2 . 7  3 .0 1 . 6  46.7  

3 0  1 3 2 . 8  2 . 8  3 . 0  1 . 6  4 7 . 2  

4 5  1 3 5 . 3  2 . 7  2 . 9 1 . 6  44.7  

60 1 33 . 5  2 . 7  2 .9 1 . 6  46.5  

90 1 3 3 . 7  2 . 7  3 . 0 1 . 6  4 6 . 3  

1 2 0  1 3 2 . 8  2 . 7  2 . 9  1 . 6  4 7 . 2  

360 1 3 2 . 2  2 . 7  2 . 9  1 . 7  4 7 . 8  

7 2 0  1 3 1 . 6  2 . 7  2 . 9  1 . 7  48.4 

1440 1 3 2 . 4 2 . 7  3 .0 1 . 8  4 7 . 6  

1 0 2  



I Rest Real 

Time A CA Droplet 
Large 

Depth contact 
Diam 

M i n .  Degree Dist  mm angle 
mm 

Degree m m  

0 1 2 0 .04 2 . 3 5  2 . 73 1 .99 5 9 . 96 

1 1 1 7 . 76 2 . 5 2  2 . 80 1 . 74 6 2 . 24 

2 1 17 . 5 2  2 . 68 2 . 94 1 . 68 62 .48 

3 1 1 5 .65 2 . 69 2 .90 1 . 63 64.35 

5 1 12 .06 2 . 7 2  2 . 9 3  1 . 58 67 .94 

10 1 1 1 .47 2 . 74 2 .9 5  1 . 59 68.53 

15 109 . 2 4  2 .7 3  2 .9 3  1 . 60 70.76 

20 107.82 2 . 7 2  2 . 94 1 . 59 7 2 . 18 

2 5  107.59 2 . 7 5  3 .00 1 . 6 1  7 2 .4 1  

3 0  106.06 2 . 7 7  2 . 96 1 . 60 7 3 .94 

4 5  1 0 6 . 2 0  2 . 74 2 .93 1 . 57 73 .80 

60 105.89 2 . 7 2  2 . 90 1 . 60 74 . 1 1  

9 0  105 . 2 2  2 . 7 2  2 .9 6  1 . 6 2  7 4 . 78 

1 2 0  104.94 2 . 69 2 .89 1 . 6 1  7 5 .06 

360 104 . 75 2 . 7 2  2 . 94 1 . 7 5  7 5 . 2 5  

7 2 0  105.82 2 . 7 2  2 . 9 5  1 . 7 4  7 4 . 1 8  

1 440 104 . 18 2 . 74 2 . 97 1 . 7 5  7 5 . 8 2  

103 



Rest Real  

Ti me A CA Droplet 
large 

Depth contact 
D i a m  

M i n .  Degree Dist  mm angle 
m m  

Degree m m  

0 1 3 5 .0 2 .0 2 . 9  2 . 4 4 5 . 0  

1 1 2 5 . 7  2 . 1  2 . 9  2 . 4 54.3 

2 1 2 8 . 5  2 . 1  2 .9 2 . 4 5 1 . 5  

3 1 2 8 . 7  2 . 2  3 .0 2 . 4  5 1 . 3  

5 1 2 5 . 7  2 . 1  3 . 0  2 . 3  54.3 

10 1 2 4 . 4  2 . 2  3 . 0  2 . 3  5 5 . 6  

1 5  1 2 5 . 3  2 . 2  3 .0 2 . 3  54.7  

30 1 2 7 .0 2 . 3  3 . 0  2 . 3  5 3 .0 

4 5  1 2 6 . 3  2 . 3  3 . 0  2 . 2  5 3 . 7  

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

7 5  1 2 5 . 5  2 . 3  3 . 1  2 . 3  54.5  

90 1 2 2 . 7  2 . 3  3 . 0  2 . 3  5 7 . 3  

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

360 1 2 0 . 4  2 . 4 3 . 0  2 . 2  5 9 . 6  

7 2 0  1 1 7 . 1  2 . 7  3 . 2  2 .0 6 2 . 9  

1440 1 10 . 6  3 . 3  3 . 6  1 . 9 6 2 . 9  
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I Rest Real 

T i m e  A CA Droplet 
Large 

Depth contact 
D i a m  

M i n .  Degree Dist  m m  angle 
m m  

Degree m m  

0 1 2 1 .47 1 . 9 9  2 . 5 5  1 . 96 58.53 

1 1 19 .89 1 . 99 2 . 5 5  1 . 96 60 . 1 1  

2 1 1 5 .47 2 .09 2 . 6 1  1 . 99 64.53 

3 1 1 3 . 7 0  2 . 1 3 2 . 64 1 . 9 9  6 6 . 30 

5 1 1 3 .06 2 . 14 2 . 58 1 .96 66.94 

1 0  1 1 2 . 56 2 . 1 8 2 . 63 1 .98 67 .44 

1 5  1 10 . 69 2 . 18 2 . 63 1 .9 2  69 . 3 1  

2 0  1 1 1 . 24 2 . 18 2 . 6 5  1 .9 5  68.76 

25 1 1 2 . 6 5  2 . 1 5  2 . 63 1 .95 67.35 

30 1 1 1 .47 2 . 2 2  2 . 64 1 . 95 68.53 

4 5  1 10 . 8 2  2 . 2 1  2 .63 1 .95 69.18 

60 1 1 1 .49 2 . 28 2 . 6 7  1 . 98 68 . 5 1  

7 5  109.62 2 . 2 4  2 . 67 2 .02 70.38 

90 1 08 . 3 1  2 . 2 1  2 . 66 1 .9 5  7 1 .69 

105 108.39 2 . 2 2  2 . 67 1 .99 7 1 . 6 1  

1 2 0  106.53 2 . 2 4  2 . 66 1 .98 7 3 .47 

3 60 108.96 2 . 2 8  2 . 80 2 . 0 2  7 1 .04 

7 2 0  108.50 2 .48 3 .03 2 . 1 2  7 1 .50 

1440 1 0 3 . 0 1  3 . 1 1  3 . 53 2 . 10 7 6 . 99 

105 



I Rest 
la rge 

Real 

T i me A CA Droplet Depth contact 
D i a m  

M i n .  Degree Dist  mm angle 
mm 

Degree m m  

1 1 4 2 . 2  2 . 3  3 . 1  2 . 2  3 7 . 8  

2 1 3 9 . 9  2 . 4  3 . 1  2 . 1  40. 1 

3 1 3 9 . 8  2 .4 3 . 1  2 . 1  40.2 

5 138.4 2 .4 3 . 1  2 .0 4 1 . 6  

1 0  1 3 9 . 0  2 . 5  3 . 2  2 .0 4 1 .0 

1 5  1 3 7 . 1  2 . 5  3 . 2  2 .0 4 2 . 9  

2 0  1 38 . 1  2 . 5  3 . 1  2 .0 4 1 .9 

2 5  1 3 6 . 7  2 . 5  3 . 2  2 .0 4 3 . 3  

3 0  1 3 4 . 9  2 . 5  3 . 2  2 . 0 4 5 . 1 

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

60 1 3 3 .4 2 .4 3 . 1  2 .0 46.6 

7 5  1 3 3 . 3  2 . 5  3 . 1  1 . 9  46.7 

90 1 3 2 . 6  2 . 4 3 . 1  2 .0 4 7 .4 

1 2 0  1 3 3 .0 2 . 4 3 .0 2 . 1  47.0 

360 1 3 2 . 5  2 . 3  3 . 1  2 . 2  4 7 . 5  

7 2 0  1 3 1 . 2  2 . 3  3 . 1  2 . 1  48.8  

1440 1 3 1 . 2  2 . 4 3 . 1  2 . 1  48.8 
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I I Rest Real 

T ime A CA Dro p l et 
Large 

Depth contact 

M i n .  Degree Dist  
Diam 

angle mm 
m m  

Degree m m  

0 1 34 . 7 3  2 . 1 2  2 . 9 5  2 . 3 2  4 5 . 2 7  

1 1 34.47 2 . 3 2  3 . 1 1  2 . 1 5 45.53 

2 1 34 .4 7  2 .40 3 .06 2 . 1 1  4 5 . 53 

3 1 3 2 . 1 8 2 . 3 6  3 .06 2 . 07 47.82 

5 1 3 2 .08 2 .40 3 . 10 2 .02 47.92 

10 1 3 3 . 1 2  2 .48 3 . 19 1 . 9 9  46.88 

1 5  1 3 3 . 4 1  2 . 5 2  3 . 1 8  1 .98 4 6 . 59 

2 0  1 3 3 .96 2 .48 3 . 14 1 .98 46.04 

2 5  1 3 3 .62 2 .48 3 . 19 2 .03 46.38 

3 0  1 3 2 . 7 3  2 .48 3 . 18 1 . 98 4 7 . 2 7  

4 5  1 3 3 .88 2 . 5 3  3 . 19 1 . 99 4 6 . 1 2  

6 0  1 3 4 . 3 2  2 .44 3 . 1 1  1 . 99 4 5 . 68 

7 5  1 3 4 . 3 5  2 . 5 2  3 . 14 1 . 94 45.65 

90 1 3 3 .54 2 . 45 3 . 1 1  2 . 03 46.46 

1 2 0  1 3 3 . 20 2 . 3 6  3 .02 2 . 07 46.80 

360 1 3 3 . 34 2 . 3 2  3 .06 2 . 1 5 46.66 

720 1 3 3 . 80 2 . 2 7  3 . 05 2 . 14 46.20 

1 440 1 3 2 . 3 3  2 . 3 6  3 . 10 2 . 1 1  47 .67 
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I Rest Rea l 

T i m e  A CA Dro p l et 
Large 

Depth contact 
D i a m  

M i n .  Degree Dist  m m  angle 
m m  

Degree m m  

0 1 3 5 .00 1 . 60 2 . 70 2 . 3 8  45 .00 

1 1 3 5 . 14 1 . 60 2 . 66 2 . 34 44.86 

2 1 3 5 . 3 8  1 . 67 2 . 70 2 . 3 1  44.62 

3 1 3 5 . 78 1 . 64 2 . 70 2 . 3 5  4 4 . 2 2  

5 1 3 5 . 00 1 . 69 2 . 66 2 . 34 4 5 . 00 

1 0  1 3 3 .07 1 . 64 2 . 7 3  2 . 3 2  46.93 

1 5  1 34 . 54 1 . 6 7  2 . 7 7  2 . 2 7  45 .46 

20 1 3 3 . 9 5  1 . 6 7  2 . 70 2 . 2 8 46.05 

25 1 3 3 .59 1 . 7 1  2 . 7 5  2 . 2 7  46.41 

3 0  1 3 3 .89 1 . 7 1  2 . 74 2 . 2 7  4 6 . 1 1  

45 1 3 4 . 7 8  1 . 7 1  2 . 7 7  2 . 2 7  4 5 . 2 2  

6 0  1 3 5 . 3 3  1 . 74 2 . 7 3  2 . 3 0  44.67 

7 5  1 3 5 .04 1 . 74 2 . 80 2 . 30 44.96 

90 1 3 5 . 74 1 . 74 2 . 8 1  2 . 3 1  44.26 

120 134.20 1 .8 5  2 . 9 1  2 . 34 4 5 . 80 
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Rest 
Large 

Real  

Time A CA Drop let Depth contact 
D i a m  

M i n .  Degree Dist mm angle 
mm 

mm Degree 

0 1 3 3 .96 1 . 66 2 . 68 2 . 2 9  46 .04 

1 1 3 2 . 3 2  1 . 78 2 . 69 2 . 2 9  47 . 68 

2 1 30.42 1 . 83 2 . 70 2 . 2 3  49.58 

3 1 2 9 . 3 9  1 . 8 1  2 . 7 2  2 . 1 7  5 0 . 6 1  

5 1 30.95 1 . 82 2 . 7 3  2 . 2 2  49.05 

1 0  1 2 9 . 6 7  1 . 86 2 . 7 1  2 . 2 1  50.33 

15 1 2 9 .74 1 . 78 2 . 7 7  2 . 2 1  5 0 . 2 6  

2 5  1 28 . 89 1 .82 2 . 69 2 . 2 2  5 1 . 1 1  

3 0  1 2 8 . 1 6  1 .86 2 . 69 2 . 2 5  5 1 .84 

4 5  1 2 9 . 39 1 .82 2 . 7 6  2 . 2 5  5 0 . 6 1  

6 0  1 3 0 . 1 4  1 .8 2  2 . 7 3  2 . 2 6  49.86 

75 1 3 1 . 2 1  1 . 78 2 . 69 2 . 2 2  48.79 

90 1 3 2 . 3 8  1 . 8 3  2 . 74 2 . 2 2  47.62 

120 129.67 1 .82 2 . 7 3  2 . 2 1  5 0 . 3 3  

3 60 1 2 9 . 9 3  1 . 82 2 . 7 6  2 . 2 1  50.07 

7 2 0  1 2 9 . 43 2 . 3 2  3 . 19 2 . 20 50.57 

1440 1 2 6 . 9 6  3 . 2 3  3 . 8 6  2 . 2 8  53 . 04 
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I Rest Real  

T i me A CA Droplet 
Large 

Depth contact 
D i a m  

M i n .  Degree Dist  m m  a n g l e  
m m  

Degree m m  

0 1 3 9 . 4 1  1 .60 2 . 68 2 . 2 7  40.59 

1 1 39 . 8 7  1 . 8 1  2 . 7 1  2 .08 4 0 . 1 3  

2 1 3 7 . 3 1  2 .0 1  2 .83 1 . 9 3  4 2 .69 

3 1 3 8 .43 2 .08 2 . 86 1 . 8 6  4 1 . 57 

5 1 3 5 .00 2 . 3 2  2 . 93 1 . 8 1  4 5 .00 

10 1 3 3 . 36 2 .44 2 . 9 5  1 . 7 7  46.64 

1 5  1 3 3 .62 2 .40 2 . 99 1 . 63 46.38 

20 1 3 1 . 3 3  2 . 4 1  3 .04 1 . 63 48.67 

25 1 3 1 . 3 8  2 .44 2 . 99 1 . 5 9  48.62 

30 130.87 2 .44 2 . 96 1 . 63 4 9 . 1 3  

4 5  1 2 9 . 1 3  2 . 49 3 . 0 1  1 . 60 50.87 

60 1 3 0 . 70 2 . 5 1  3 .03 1 . 6 6  4 9 . 30 

7 5  1 28 .47 2 .40 2 . 9 1  1 . 66 5 1 . 53 

90 1 2 8 . 3 1  2 . 3 5  2 . 94 1 . 6 5  5 1 . 69 

1 2 0  1 26 .05 2 . 40 2 . 9 5  1 . 70 5 3 . 9 5  

360 1 24 . 6 6  2 . 3 1  2 . 79 1 . 84 5 5 . 3 4  

7 2 0  1 2 3 .97 2 . 2 6  2 .7 6  1 . 8 7  5 6 .03 

1 440 1 2 3 . 20 2 . 2 3  2 . 7 7  1 . 8 3  5 6 .80 

1 10 



I I 
Rest Real 

T ime A CA Dro p l et 
Large 

Depth contact 
D i a m  

M i n .  Degree Dist  mm angle 
mm 

Degree mm 

0 1 2 8 . 3 0  1 . 7 1  2 . 58 2 . 1 3  5 1 .70 

1 1 2 6 .78 1 . 7 2  2 . 6 1  2 . 1 3  5 3 . 2 2  

2 1 2 7 .60 1 . 74 2 . 6 2  2 .09 5 2 .40 

3 1 2 6 . 9 1  1 . 87 2 .65 2 . 03 53 .09 

5 1 2 7 .00 1 . 90 2 . 67 2 .03 53 .00 

1 0  1 2 6 . 7 1  1 . 98 2 . 7 1  1 .9 7  5 3 . 29 

1 5  1 2 5 . 80 1 . 98 2 . 69 1 .94 54.20 

20 1 2 6 . 5 5  2 .06 2 . 7 1  1 .9 5  5 3 .45 

25 1 2 6 . 7 1  2 .00 2 . 7 1  1 . 96 5 3 . 29 

3 0  1 2 5 .79 2 .03 2 . 70 1 . 99 54 . 2 1  

4 5  1 2 5 . 8 3  2 . 0 6  2 . 74 2 .00 54 . 1 7  

60 1 2 5 . 60 2 . 10 2 . 74 1 . 9 7  5 4 .40 

7 5  1 2 6 . 7 7  2 . 10 2 . 7 7  2 .03 5 3 . 2 3  

90 1 2 5 . 5 0  2 .09 2 .7 7  2 .03 54.50 

1 2 0  1 2 5 . 2 6  2 .03 2 . 8 1  2 . 10 54.74 

360 1 2 5 . 2 8  2 . 2 3  3 .06 2 . 2 3  54.72 

720 1 2 6 . 1 5  2 . 7 5  3 . 59 2 . 5 2  5 3 . 8 6  

1440 1 2 4 . 1 2  3 . 6 8  4 . 3 1  2 . 60 5 5 .88 

1 1 1  



I Rest Real 

T ime A CA Dro p l et 
Large 

Depth contact 

M i n .  Degree Dist 
Diam 

angle m m  
m m  

Degree m m  

0 1 2 1 . 68 1 . 64 2 . 54 2 .07 5 8 . 3 2  

1 1 1 6 . 1 3  1 .90 2 . 60 1 . 99 63.87 

2 1 19 . 44 1 .90 2 . 58 1 .90 60 .56 

3 1 1 7 .09 1 . 94 2 . 5 7  1 . 94 6 2 . 9 1  

5 1 1 7 .04 1 . 9 8  2 . 5 7  1 . 89 6 2 . 9 6  

10 1 1 5 .46 1 . 9 6  2 . 5 3  1 . 94 64.54 

1 5  1 1 5 .04 1 . 98 2 . 5 7  1 .89 64.96 

20 1 16 . 3 7  1 . 99 2 . 5 7  1 . 90 63 .63 

2 5  1 14 . 5 4  1 . 9 5  2 . 6 2  1 .90 6 5 .46 

30 1 15 . 30 1 . 98 2 . 6 1  1 . 8 9  64.70 

4 5  1 1 5 .68 1 . 9 9  2 . 58 1 .90 64.32 

60 1 14 . 7 4  1 . 94 2 . 6 1  1 . 94 6 5 . 2 6  

7 5  1 1 3 . 5 1  1 . 9 5  2 . 6 2  1 .99 66.49 

90 1 14 . 8 1  1 . 99 2 . 58 1 . 9 5  6 5 . 1 9  

1 2 0  1 14 . 2 4  2 .04 2 . 6 7  1 . 9 5  6 5 . 76 

360 1 14 . 85 1 . 94 2 . 7 5  2 .03 6 5 . 1 5  

1 1 2  



I Rest Large 
Rea l 

T i m e  A CA Depth contact 
Drop let Diam 

M i n .  Degree mm angle 
Dist  m m  m m  

Degree 

0 1 2 7 . 9 3  1 . 5 5  2 .48 2 . 18 5 2 .07 

1 1 2 5 . 54 1 . 67 2 . 59 2 . 09 54.46 

2 1 2 5 . 6 5  1 . 69 2 . 5 5  2 .05 54 . 3 5  

3 1 2 5 .02 1 . 7 1  2 . 59 2 .05 54.98 

5 1 2 4 . 36 1 . 7 9  2 .60 2 .02 5 5 . 64 

1 0  1 2 3 . 3 5  1 . 8 3  2 . 59 1 . 98 56.65 

15 1 2 3 . 3 5  1 . 79 2 . 62 1 . 98 56.65 

2 0  1 2 2 .87 1 .86 2 . 62 1 . 90 5 7 . 1 3  

2 5  1 2 1 . 9 2  1 .86 2 . 5 5  1 . 94 58.08 

30 1 2 1 . 2 1  1 .86 2 . 59 1 .94 58.79 

45 1 2 0 . 8 1  1 . 90 2 . 62 1 .98 5 9 . 1 9  

60 1 20 . 7 3  1 .9 2  2 . 64 1 .9 5  5 9 . 2 7  

7 5  1 2 1 .0 1  1 .88 2 . 64 1 .99 58.99 

90 1 20 . 7 7  1 . 84 2 . 6 1  1 .9 9  5 9 . 2 3  

1 2 0  1 1 9 . 7 6  1 . 9 1  2 . 67 2 .02 60.24 

3 60 1 19 . 28 2 . 1 2  2 . 96 2 . 1 9 60.72 

720 1 2 0 . 1 1  2 .49 3 . 30 2 . 34 5 9 .89 

1 440 1 20 . 0 1  2 . 80 3 . 7 2  2 .45 5 9 . 99 

1 1 3 



Rest Real ! 
Time A CA Dro p l et 

Large 
Depth contact 

Diam 
M i n .  Degree D i st m m  angle 

m m  
Degree m m  

0 1 2 6 . 7 5  1 . 7 5  2 . 83 2 . 2 7  7 3 . 2 5  

1 1 2 2 . 52 2 .04 2 . 92 2 . 20 7 7 .48 

2 1 2 0 . 1 7  2 . 1 1  2 . 87 2 . 2 3  7 9 . 83 

3 1 20.85 2 . 1 2  2 . 96 2 . 2 0  7 9 . 1 5  

5 1 2 0 . 5 3  2 . 1 1  2 .9 1  2 . 1 9  7 9 . 47 

1 0  1 19 . 2 7  2 . 1 5  2 . 9 1  2 . 1 5  80.73 

15 1 18 . 5 5  2 . 1 5 2 .9 5  2 . 19 8 1 .4 5  

20 1 18 . 2 9  2 . 1 7  2 . 9 9  2 . 1 5 8 1 . 7 1  

2 5  1 18 . 09 2 . 1 9  2 .99 2 . 1 5  8 1 . 9 1  

3 0  1 18 . 5 3  2 . 1 7 2 . 99 2 . 19 8 1 .47 

4 5  1 19 .04 2 . 1 5  2 .99 2 . 1 1  80.96 

60 1 1 7 .97 2 . 1 6  3 .00 2 . 1 6  82 .03 

7 5  1 1 7 . 66 2 . 1 1  2 .99 2 . 1 9 8 2 . 34 

90 1 17 . 13 2 .08 3 .04 2 . 20 82 .87 

120 1 16 . 34 2 . 1 9  3 .07 2 . 1 5  8 3 .66 

360 1 18.43 2 . 2 3  3 . 1 9 2 . 3 1  8 1 . 5 7  

7 2 0  1 19 . 50 2 . 3 9  3 . 39 2 . 5 1  80.50 

1440 1 19 . 50 2 . 39 3 . 39 2 . 5 1  80.50 

1 14 



Rest Real 

T i m e  A CA Droplet 
la rge 

Depth contact 

M i n .  Degree Dist  
D i a m  

a n g l e  m m  
m m  

m m  Degree 

0 108.58 2 . 1 6  2 . 7 3  2 .03 6 1 .42 

1 1 06 . 94 2 . 2 6  2 . 8 3  2 .00 63 .06 

2 105.97 2 . 34 2 . 7 7  1 . 9 5  64.03 

3 103.96 2 . 3 8  2 . 7 7  1 . 9 0  66 .04 

5 102 . 59 2 .42 2 . 8 1  1 . 9 5  6 7 . 4 1  

1 0  1 0 1 . 8 6  2 . 3 8  2 . 7 7  1 .86 68 . 1 4  

1 5  1 0 1 .88 2 .44 2 . 83 1 . 9 1  6 8 . 1 2  

2 0  100.43 2 .48 2 . 87 1 .8 3  6 9 . 5 7  

2 5  1 0 1 .06 2 . 5 2  2 . 9 1  1 . 87 68.94 

30 100.37 2 . 5 2  2 . 83 1 . 83 6 9 . 63 

4 5  1 00 . 19 2 .48 2 . 83 1 . 83 6 9 . 8 1  

6 0  100.68 2 . 47 2 .86 1 . 86 6 9 . 3 2  

7 5  102 . 7 7  2 . 5 2  2 .87 1 . 9 1  6 7 . 2 3  

9 0  102 .46 2 .48 2 . 9 1  1 . 9 1  6 7 . 54 

1 2 0  102 . 20 2 . 5 2  2 . 9 1  1 .87 6 7 . 80 

360 1 0 1 .95 2 . 57 3 .00 2 .00 68.05 

7 2 0  102 . 59 2 . 7 1  3 . 19 2 . 1 4  6 7 . 4 1  

1440 102 . 59 2 . 7 1  3 . 1 9 2 . 14 6 7 . 4 1  

1 1 5 



I Rest Real 

T ime Dro p l et 
Large 

Depth contact 
A CA Degree D i a m  

M i n .  Dist  m m  angle 
m m  

m m  Degree 

0 1 2 4 . 9 6  1 . 8 1  2 . 7 7  2 . 3 7  5 5 .04 

1 1 2 2 . 14 1 .89 2 . 85 2 . 2 5  57 .86 

2 1 2 1 . 1 6 1 . 9 3  2 . 89 2 . 2 5  58.84 

3 1 20.05 2 . 0 1  2 . 89 2 . 2 1  59.95 

5 1 19 . 1 4  2 . 0 1  2 . 89 2 . 2 1  60.86 

10 1 19 . 6 2  2 .05 2 . 93 2 . 1 7  60 .38 

15 1 19 .47 2 . 1 3 2 .89 2 . 1 7 60.53 

20 1 18 . 7 1  2 . 1 3  2 .9 7  2 . 1 3  6 1 . 2 9  

2 5  1 18 . 15 2 .09 2 .9 3  2 . 1 7  6 1 .85 

30 1 18 . 45 2 . 1 3  2 . 93 2 .09 6 1 . 5 5  

4 5  1 18 .03 2 . 1 7  2 . 97 2 . 1 3  6 1 .97 

60 1 1 7 . 8 1  2 . 1 6  2 . 96 2 . 1 2  6 2 . 19 

7 5  1 1 8 . 14 2 . 1 7  3 .0 1  2 . 1 7  6 1 .86 

90 1 17 . 3 8  2 . 1 7 3 .0 1  2 . 1 7 6 2 . 6 2  

1 2 0  1 17 . 7 6  2 . 1 7 2 . 9 7  2 . 1 7 6 2 . 24 

360 1 18 . 09 2 . 1 6  3 . 1 2 2 . 2 4  6 1 .9 1  

7 20 1 2 2 . 3 1  2 . 5 3  3 . 54 2 .49 5 7 . 69 

1440 1 2 9 . 3 3  2 . 7 2  3 . 9 6  2 . 84 50.67 

1 16 



I I A CA 

Rest 
large 

Real  

Time Droplet Depth contact 
Degree D i a m  

M i n .  Dist  mm angle 
m m  

m m  Degree 

0 1 2 6 . 5 2  1 . 62 2 . 82 2 . 4 1  5 3 .48 

1 1 2 4 . 1 1  1 .90 2 .9 2  2 . 2 2  55.89 

2 1 2 2 .03 2 .05 3 .02 2 . 1 9 57.97 

3 1 20.65 2 .09 3 . 0 1  2 . 1 8 5 9 . 3 5  

5 1 19 . 7 9  2 . 1 3 3 .06 2 . 18 60 . 2 1  

1 0  1 19 .07 2 .08 3 .0 1  2 .08 60.93 

15 1 1 9 . 14 2 . 19 3 .02 2 . 14 60.86 

20 1 1 7 .48 2 . 1 9 3 .02 2 .09 6 2 . 52 

2 5  1 1 7 .44 2 . 2 2  3 . 0 1  2 . 1 3 6 2 . 5 6  

3 0  1 18 .03 2 . 19 3 .07 2 . 1 4  6 1 .97 

4 5  1 1 6.45 2 . 13 3 . 0 1  2 .08 6 3 . 55 

60 1 1 6 . 3 2  2 . 18 3 . 0 1  2 .08 6 3 . 68 

7 5  1 16 . 0 1  2 . 0 7  3 .00 2 . 1 2  63.99 

90 1 1 5 . 70 2 .08 2 . 96 2 . 1 8  64.30 

120 1 18 . 7 9  2 . 08 2 . 9 6  2 . 1 3 6 1 . 2 1  

360 1 18 . 6 3  2 .09 2 .9 6  2 . 1 3 6 1 . 37 

7 2 0  1 1 8 . 3 1  2 .09 2 .9 2  2 . 18 6 1 .69 

1440 1 17 . 80 2 . 1 3 2 . 96 2 . 2 2  6 2 . 20 

1 1 7  



I Rest 
Large 

Real 

T i m e  Droplet contact 
A CA Degree D i a m  D e p t h  m m  

M i n .  Dist  angle 
mm 

m m  Degree 

0 1 16 . 1 9  2 . 19 2 . 6 7  2 .0 3  5 3 . 8 1  

1 1 1 2 . 62 2 . 3 1  2 . 7 5  1 . 9 5  5 7 . 3 8  

2 108.69 2 . 3 5  2 . 7 1  1 . 8 7  6 1 . 3 1  

3 106.55 2 .39 2 . 79 1 . 79 63 .45 

5 1 0 1 .69 2 .47 2 . 7 9  1 . 7 5  68 . 3 1  

1 0  1 0 2 . 5 6  2 . 5 1  2 . 7 9  1 . 7 1  67 .44 

1 5  1 0 1 . 1 7  2 . 5 2  2 . 84 1 . 7 2  68.83 

2 0  99.85 2 . 50 2 . 88 1 . 7 6  7 0 . 1 5  

2 5  98.95 2 . 5 1  2 . 8 3  1 . 7 5  7 1 .05 

30 9 7 . 16 2 .47 2 . 79 1 . 7 1  7 2 .84 

4 5  9 7 .99 2 . 56 2 .88 1 . 7 2  7 2 .0 1  

6 0  9 7 . 8 2  2 . 56 2 .84 1 . 76 7 2 . 18 

7 5  9 8 . 3 9  2 . 5 1  2 . 8 7  1 . 7 5  7 1 . 6 1  

90 9 9 . 85 2 .4 7  2 . 83 1 . 7 5  7 0 . 1 5  

1 2 0  9 7 . 3 9  2 . 47 2 . 87 1 .7 5  7 2 . 6 1  

3 60 1 00 . 2 8  2 . 56 2 . 9 6  1 .80 6 9 . 7 2  

7 2 0  100.60 2 . 67 3 . 1 1  1 . 8 7  69.40 

1 440 1 0 1 . 06 3 . 1 6 3 . 5 2  1 . 9 2  6 8 . 94 

1 18 
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