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Abstract 
With the depletion of natural driving forces responsible for pushing the oil from reservoirs & dec-
lination of oil recovery after secondary stage, the emphasis is now on EOR techniques. The low sa-
line flooding is a type of EOR which gains the attention of researchers due to its easiness to use 
implications, less cost & environment-friendly nature. Though the low salinity effect has been seen 
in various labscale core flooding experiments as well as field pilot projects, the mechanism which 
actually leads to this enhancement in recovery is still the area of research among researchers 
which is wide open and needs to gain consensus. Seeing the wide mechanisms taking place under 
different scenarios, it is certain that more than one mechanism is actually supplementing each 
other in reducing the residual oil saturation while LSW flooding. This study has been undertaken 
investigations on the low saline flooding in unconsolidated Ottawa sandpack cores with two dif-
ferent, Weyburn & Pelican crude oil, to find out the optimum salinity, LSW Slug Size & underlying 
mechanisms during LSW flooding. Several core flooding experiments were performed under sec-
ondary as well as tertiary recovery stage by unsteady state method. With the reduction of brine 
salinity from 5000 PPM to 1500 PPM, the oil recovery increased in secondary stage & decreased 
further upon reduction in salinity to 500 PPM gaining the peak at 1500 PPM. Small enhancement 
in tertiary recovery of 2.24% observed upon switching to 1500 NaCl PPM brine after injection of 
formation brine in secondary stage for Weyburn Oil, though large tertiary recoveries of the or-
der of 9.95% for effective oil viscosity of 4 cP and 7.32% for 29.7 cP were observed for n-dodecane 
diluted Pelican Oil. LSW slug size of 25% pore volume was found to be effective in producing 
Weyburn Oil in secondary stage. 
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1. Introduction 
With the decline of recovery from conventional oil reservoirs & limitations of finding new conventional oil pool, 
the petroleum researchers are focusing on new low-cost, environment-friendly EOR techniques to sweep the re-
sidual oil left behind by secondary recovery. Low saline waterflooding is a kind of EOR techniques which by 
decreasing the injection of water salinity (1000 - 5000 PPM) & choosing the specific composition of ions, resi-
dual oil saturation could be diminished by a significant amount in tertiary recovery stage and more importantly 
in secondary recovery stage, at the early-start life of a reservoir. This LSW recovery has been proven in field 
[1-4] as well as in laboratory coreflood [5-12] tests simultaneously by several researchers. Several studies in the 
last two decades have showed that selecting the low salinity and particularly ionic composition can improve oil 
recovery by affecting the oil/brine/rock interfaces, occurrence of multicomponent ion exchange, reduction in in-
terfacial tension, pH reduction cum in-situ saponification, clay migration, wettability alteration, double layer 
expansion, emulsion formation, thus enhancing the microscopic displacement efficiency and decreasing the re-
sidual oil saturation left behind by secondary flood. Though the enhanced recovery by low saline flooding has 
been proven, the mechanism of this phenomenon which actually leads to enhancement is still debatable as other 
researchers observed different phenomenon leading to recovery. Several researchers have undertaken studies to 
quantify this behavior of enhancement of recovery simultaneously in sandstone and carbonate laboratory 
core-flood experiment and found different ionic concentration, composition & temperature affecting it. Though 
low saline flooding has been proven widely, there are instances that investigators do not observe any enhance-
ment in tertiary recovery [3,9]. In the current study, several coreflooding experiments were performed under 
secondary & tertiary recovery stage to determine the optimum salinity, enhancement in recovery by decreasing 
salinity, slug size & mechanism affecting low saline waterflooding in unconsolidated Ottawa sandpack cores 
with two different, Weyburn & Pelican crude. Relative permeability curves were plotted for experiments using 
graphical technique by Jones & Roszelle (1978) [13]—SPE 6045 to find out the wettability state of sandpack. 

2. Material Used 
Two different crude oils has been used under this study, Weyburn Oil (9.5 cP) & Pelican Oil, where the pelican 
oil is diluted with laboratory grade reagent n-dodecane in the ratio of 1:1 & 1.5:1 to get a effective crude oil of 
viscosity 4 cP & 29.7 cP respectively. The physical & chemical property of the weyburn crude oil is mentioned 
in Table 1 [14]. Weyburn formation water (22,775 PPM) has been used for initial saturating the sandpack & 
classified as high salinity water. Brines of different salinity was made with laboratory grade NaCl with high 
quality RO water (~4 TDS) in the range of 500 - 50,000 to be used in sandpack flooding experiments. All the 
brines used for experimentation was characterized first by measuring pH, conductivity (S/m), viscosity (cP) & 
density (gm/cc). Table 2 shows the characterization details of all the brines used in this study. Ottawa sand has 
been used in this study for packing in core. 

3. Experimental Apparatus 
Model 500 D syringe pump & D series pump controller which is been supplied by ISCO has been used in this 
study to inject the respective brines. The oil viscosities are measured at ambient conditions through DV-II + Pro 
viscometer supplied by Brookfield where the temperature is maintained through water bath & Digital Polystar 
temperature controller supplied by Cole-Parmer. The crude oil is first centrifuged by using Model Benchmark 
2000 centrifuge; LAB-01130; supplied by L-K Industries Inc., Houston, Texas. The weights of different salts are 
measured digitally through Mettler PM 4600 Digital weight meter to prepare the brines. The pressure drop 
across the core is measured through Heise, PM Indicator transducer. Brines pH & conductivity is measured 
through pH/ION/COND Meter supplied by HORIBA for characterizing brine before each experiment. All brines 
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         Table 1. Chemical & physical properties of the Weyburn crude oil used in the study.         

Chemical & Physical Properties of Weyburn Crude Oil Used in the Study. 
Density (Ambient Conditions) 866.5 Kg/m3 

Viscosity (Ambient Conditions) 9.5 mPa·s 
Basic Sediment & Water, Vol% 0.5 

Molecular Weight g/g mol 215 
Component Wt% 

Saturates 48.4 
Aromatics 33.5 

Resins 13.2 
Asphaltenes 4.9 

         Table 2. Characterization details of all the brines used in this study.                      

SNo. TYPE PPM pH CONDUCTIVITY 
(S/m) 

VISCOSITY 
(cP) 

DENSITY 
(gm/cc) 

1 Formation Water 22775 9.343 3.683 1.0175 1.0177 
2 Diluted FW 1500 7.748 1.391 0.82982 0.999265 
3 NaCl Brine 500 7.629 0.1547 0.948866 0.9981 
4 NaCl Brine 1000 7.676 0.1808 0.9565 0.9987 
5 NaCl Brine 1500 7.997 0.258 0.9584 0.999 
6 NaCl Brine 2500 7.604 0.4215 0.999586 0.9606 
7 NaCl Brine 5000 7.779 0.767 0.96105 1.00146 
8 NaCl Brine 50,000 7.451 6.14 1.00645 1.0316 
9 RO Water 4 7.924 0.0059 0.9396 0.9977 

 
are thoroughly stirred after preparation through Cole-Parmer Stirrer at 40 Deg C & later cooled down to ambient 
conditions before using in each experiment. HANNA HI 4522 Metre & HI 76312 probe is used to measure the 
TDS (PPM) value of the formation water. Anton Paar DMA 4500 Density Meter supplied by 10201 Maple Leaf 
Court, Ashland VA 23005 has been used to find out the individual brine density. Cannon CT-500 Series II & 
Cannon calibrated viscometer Ubbelohde has been used to find out the brine viscosities used in this study. 
Figure 1 shows the schematic diagram of experimental set up used in this study. 

4. Experimental Procedure 
The sand pack core holder is first packed with Ottawa sand using the standard procedure prescribed for core 
flooding. The core is then fully saturated with formation water to find out the porosity of the sandpack. Once the 
core is fully saturated the flow rate is increased in steps measuring the pressure drop across core to find out the 
absolute permeability using Darcy’s law which was found to be 4.013 D. After finding out the absolute permea-
bility the formation water is stopped & crude oil is imbibed through different transfer cylinder to reach the con-
nate water saturation. Next in the secondary stage experiment particular strength NaCl brine is imbibed at the 
flow rate of 0.7 ml/min through third transfer cylinder and oil is produced initially followed by a mixture of oil 
& water after breakthrough. This NaCl brine is imbibed until the sandpack pore volume is flooded with 3 PV 
which has been used as the reference for comparison. While in the Tertiary stage experiments first the sandpack 
is flooded with high salinity formation water (22,775 PPM) until the oil stops flowing which takes around 7 - 10 
PV followed by low salinity brine of 1500 PPM to visualize the low salinity effect. The flooded fractions are 
simultaneously collected in the graduated test tubes which are later centrifuged in the Centrific Model 228 sup-
plied by Fisher Scientific. The average pressure drop is noted down for each collected fraction which is later 
used for plotting Relative Permeability curves using the graphical technique mentioned by Jones & Roszelle 
(1978) [13] SPE 6045. The corresponding fraction of oil & water collected upon injection of low salinity brine is 
then tabulated and percentage recovery curve is plotted against PV of brine injected. To analyze the effective 
slug size of low salinity brine three experiments were conducted where 0.25, 0.5 & 1 PV of low salinity  
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            Figure 1. Schematic diagram of experimental set up used in this study.                    

brine (1500 PPM) is injected first followed by 2.75, 2.5 & 2 PV of RO water respectively in the secondary re-
covery stage. To analyze the low salinity enhanced oil recovery not oil dependent, Pelican oil is also used in the 
tertiary stage experiment where the original viscosity of pelican oil is diluted with Laboratory grade n-dodecane 
in the ratio of 1:1 & 1.5:1 (pelican oil:n-dodecane) to form effective oil of viscosity 4 cP & 29.7 cP respectively. 

5. Results & Discussion 
5.1. Secondary Waterflooding 
5.1.1. Weyburn Oil 
The secondary waterflooding with different concentration NaCl brines, FW & RO water brought different reco-
veries presented in Table 3. Recovery percentage curves at the end of 3 PV with various NaCl brines, RO, FW 
& diluted FW is shown in Figure 2. An interesting trend has been observed upon decreasing the NaCl brine 
concentration from 5000 to 1500 PPM where the secondary oil recovery at the end of 3 PV is enhanced from 
64.58% to 74.98% marking a rise in recovery of 10.4% though observed 2% - 8% OOIP by Gamage & Thyne 
(2011) [15]. This recovery later falls from 74.98% to 72.24% upon decreasing the NaCl brine concentration fur-
ther from 1500 PPM to 500 PPM. This trend shows us the LSW optimum concentration of NaCl ions which 
changes the wettability state from more oil-wet to water-wet state. A high recovery of the order of 71.54% is 
observed at 50,000 PPM NaCl brine concentration which is unusual since the recoveries actually increase with 
the decrease in brine concentration but the thing to be noted that the injected brine 50,000 PPM is 2.2 times the 
connate brine salinity & none of the researchers before shown the effects where extra high salinity brine is in-
jected into high salinity connate brine core. This high recovery point out towards a different interfacial pheno-
menon acting which is actually different from the LSW. The recovery with 22,775 PPM formation water is 
higher than any brine excluding 1500 PPM optimum concentration indicating that it’s the presence of different 
salt ions in FW which actually helps make the Ottawa sand more water wet than only NaCl. RO water has also 
acted well in brining recovery at 3 PV of the order of 71.94% but which is only 0.4% higher than 50,000 PPM 
but lesser than other brines used in this study. The high recovery of the order of 73.73% obtained by Injecting 
Formation water brine of 22,775 PPM in the sand pack where the connate brine is also of the same quality is ac-
tually 21.94% higher than the recovery seen by Morrow & Buckley [16] where by Injecting High Salinity (HS)  
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         Table 3. Showing the type of brine concentrations used for Run 1 - 9, the individual porosity, 
connate water saturation, pore volume & secondary recovery achieved at the end of 3 PV 
Injection.                                                                      

Run 
No. Brine type PPM  

concentration 
Porosity 
Φ% 

Connate water 
saturation, % 

Pore  
volume, cc 

Secondary recovery % 
OOIP @ 3 PV 

1 RO 4 37.32 20.11 79.8 71.94 
2 NaCl 500 37.51 8.72 80.2 72.24 
3 NaCl 1000 37.47 7.80 80.1 72.33 
4 NaCl 1500 37.56 15.85 80.3 74.98 
5 NaCl 2500 37.23 9.17 79.6 73.43 
6 NaCl 5000 37.3 9.46 79.75 64.58 
7 NaCl 50,000 37.65 15.28 80.5 71.54 
8 Formation Water 22,775 37.42 9.25 80 73.73 

9 Diluted  
Formation Water 1500 36.01 18.18 77 71.47 

 

 

         Figure 2. Showing the % recovery at the end of 3 PV with different concentrations of NaCl brine used 
from 500 - 50,000 PPM, RO, FW & diluted FW.                                               

 
brine in HS connate water core gave 50% OOIP. Morrow & Buckley (2011) didn’t mentioned anything about 
the recoveries obtained by injecting Low Salinity (LS) brine in MS connate water core & extra high salinity 
brine in HS connate brine cores. A standard comparative order of 3 PV is chosen for Injection in Secondary re-
covery stage as most of the oil recoveries are obtained in this range [8]. Interestingly the maximum recovery 
obtained at the optimum Low salinity brine concentration of 1500 PPM is in the range observed by Cissokho et 
al. (2010) (2500 - 1000 PPM), Idowu et al. (2011) [17], Zhang & Morrow (2006) [18] where they observed the 
highest recovery at 1500 PPM NaCl brine in tertiary recovery stage. All these recoveries have been obtained in 
clay free Ottawa sand pack but the presence of clay is beneficial on other occasion as seen by other researchers. 

5.1.2. Relative Permeability Curves 
Relative Permeability curves have been plotted for each secondary flooding experiment performed under 3 PV 
Injection condition shown in Figure 3. The relative permeability curves have been plotted using Graphical tech-
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nique explained by Jones & Roszelle (1978) [13], SPE 6045. Different equations have been used described in 
the paper & graphs were plotted. The graphs were then later fitted with befitting equations to find out the slopes 
at different cumulative pore volumes of brine injected, giving finally the values of kro & krw at different satura-
tion of water at the outlet of core, Sw (outlet). From the relative permeability figures it has been noticed that the 
intersection of kro & krw shifts to the extreme right 0.61 at the optimum NaCl brine concentration of 1500 PPM 
where the secondary recovery after 3 PV of brine injection is maximum. This shifting of intersection point 
clearly indicate towards the resulting sandpack becoming more water-wet in case of 1500 PPM NaCl brine faci-
litating high permeability of residual oil. From the intersection of relative permeability curves it has been con-
cluded that the intersection point starts shifting to the extreme right 0.61 with decrease in brine concentration 
from 5000 PPM to 1500 PPM & then starts decreasing from 0.61 to 0.56 as the brine concentration is reduced 
further from 1500 to 500 PPM. 

5.1.3. Comparison of 1500 PPM NaCl Brine with Diluted FW 1500 PPM Brine 
In the Figure 4 the overall % recovery with 1500 PPM NaCl brine at 3 PV which is 74.986 (OOIP) is compared 
against % recovery with 1500 PPM diluted formation brine at 3 PV equivalent to 71.47 (OOIP). The two recov-
ery curves overlaps for the initial part but the % Recovery with 1500 NaCl PPM Brine overtakes for the latter 
region giving the ultimate recovery to be %74.986 OOIP. The recovery by NaCl Brine is 3.51% higher than di-
luted FW brine compared at 3 PV of brine Injection. This curve shows the effectiveness of single ion (NaCl) 
brine over multi-ion composed diluted formation brine. Thus low salinity EOR is also dependent on the consti-
tuent of the brine rather than just the total dissolved solid (TDS) of the brine. It has been Inferred from the curve 
where the connate brine is the formation water of 22,775 PPM & the injected brine is diluted formation water of 
order 1500 PPM is less effective than 1500 NaCl brine by 3.51%. 

5.2. Tertiary Recovery 
5.2.1. Weyburn Oil 
Tertiary stage experiment is conducted on Ottawa sand core plug first by injecting high salinity formation water 
(FW), 22,775 PPM brine in the secondary recovery stage till no more oil is produced. After injecting 5.71 PV of 
high salinity FW brine an oil recovery of 81.06% OOIP is achieved & where oil ceases to flow. To make sure 
that no more oil flows the flooding rate is increased from 0.7 ml/min to 1.5 ml/min where an additional 0.48% 
OOIP is recovered by injecting 0.135 PV of FW. The flow rate is further increased from 1.5 ml/min to 3.0 
ml/min whereby an additional 0.137% OOIP is produced by injecting 0.252 PV additional FW. Thus at the end 
of 6.1 PV of FW injection the recovery reached the maximum limit of 81.68% OOIP even after increasing flow 
rate. This is followed by low salinity brine of 1500 PPM where 1.02 PV of brine is injected further to produce 
tertiary recovery of 2.24% OOIP giving a total recovery of 83.92% at the end shown in Figure 5. The observed 
tertiary recovery of the order of 2.24% OOIP is less compared to other researchers who have obtained tertiary 
recoveries of the order of 10% OOIP while decreasing brine salinity from 50,000 PPM to 1000 PPM [8] but in 
range with 2% - 18% obtained by lager et al. (2006) for 18 reservoir sandstones and Skrettingland et al. (2010) 
[3]. This may be due to the fact that the FW (high salinity) used in our case is already of the order of 22,775 
PPM which is more than half in concentration of the high salinity brine used in Cissokho experiments thereby 
giving high recoveries in the secondary stage itself. Moreover Cissokho experiments were performed at mod-
erate temperature of 35 Deg C as in our case they were performed at room temperature of 22 Deg C. A sharp 
rise in recovery of 2.27% is observed at 3.53 PV where recovery already reached 75.53% is due to the fact the 
experiment is stopped at this point & restarted after few hours due to operational constraints building pressure 
again & pushing the additional oil out of sandpack. 

5.2.2. Pelican Oil ~4 cP & Pelican Oil ~29.7 cP 
Higher low salinity effect has been seen in the diluted Pelican Oil giving a tertiary recovery of 9.95% for effec-
tive oil viscosity of 4 cP and a tertiary recovery of 7.32% for effective oil viscosity of 29.7 cP shown in Figure 6. 
Interestingly up to 95.26% oil was recovered by switching from secondary to tertiary recovery stage for diluted 
Pelican Oil with 29.7 cP effective viscosity. In fact 87.94% oil was recovered even in the secondary recovery 
stage by injecting 11.32 PV of formation brine (22,775 PPM). The oil flow was continuous though de- creasing 
up to 11.32 PV. This wasn’t observed for the Weyburn Oil where oil ceases to flow after injecting 6.1  

 
18 



Y. K. Suman et al. 
 

 

                  Figure 3. Showing the relative permeability curves for different brines used in 
secondary recovery mode.                                            

 

        Figure 4. % Recovery comparison of 1500 PPM NaCl brine with diluted FW 1500 PPM brine.   

 

              Figure 5. % Recovery with FW (6.1 PV) used first in secondary recovery mode & followed 
by 1500 PPM NaCl brine (1.2 PV) in tertiary recovery mode.                         
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             Figure 6. Complete % recovery with FW used first in secondary recovery mode for Pelican 
Oil diluted with n-dodecane in the ratio of 1.5:1 (29.7 cP) & 1:1 (4 cP) followed by 1500 
PPM NaCl brine in the tertiary recovery mode.                                      

PV of formation brine giving a secondary recovery of 81.69%. This may be due to higher molecular weight by 
drocarbons present in Pelican Oil which takes longer time to produce but could be produced with formation wa-
ter & NaCl brine. 

5.3. Slug Size Analysis 
Seeing the recovery curves for 0.25 PV 1500 PPM brine initial slug followed by 2.75 PV RO water, 0.75 PV 
1500 PPM brine initial slug followed by 2.7 PV RO water and 1 PV 1500 PPM brine initial slug followed by 
2.75 PV RO presented in Figure 7 it was found that the ultimate recovery after injecting combined 3 PV of 
brine is maximum in case of 0.25 PV initial 1500 PPM NaCl brine slug of the magnitude of 73.73% followed by 
0.5 PV, 1500 PPM NaCl brine giving 72.89% recovery & was the least in the case of 1 PV, 1500 PPM NaCl 
brine initial slug where only 68.51% OOIP was recovered. Seccombe et al. [2] from BP single-well tracer tests 
at Endicott field located on the north slope of Alaska concluded that a slug of 40% by pore volume is quite sig-
nificant for recovery & project economics instead of continuous low saline water injection. Though in our case 
25% pore volume slug size was better than 50% slug size giving 0.84% OOIP higher recovery & 5.22% OOIP 
higher recovery than 100% slug size low saline Injection. Seeing the increase in cost by almost double while 
going from 25% pore volume slug size to 50% slug size & the decrease in recovery it has been concluded that 
25% pore volume slug size is most effective from recovery & project economics point of view. 

6. Conclusions 
• The presence of clay is not necessary to see the low salinity effect as clay free Ottawa sand pack gives an en-

hancement in tertiary recovery of 2.24% by switching to 1500 PPM NaCl brine after injecting formation brine. 
• Thus presence of different clays is only a positive addition supporting the overall low salinity mechanism 

making the surface much wetter, but it is not necessary to see the effect. 
• The 1500 PPM NaCl brine is the most effective among compared brines for secondary recovery at the 3 PV 

injection criteria. 
• The effective oil recovery increases upon decreasing NaCl brine salinity from 5000 PPM to 1500 PPM & 

decreases upon reducing the salinity to 500 PPM. 
• Higher low salinity effect has been seen in the diluted Pelican Oil. This wasn’t observed for the Weyburn Oil 

where oil ceases to flow after injecting 6.1 PV of formation brine giving. This may be due to higher molecu- 
lar weight hydrocarbons presented in Pelican Oil which takes longer time to produce but could be produced 
with formation water & NaCl brine. 
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             Figure 7. Comparing the effective slug size of 0.25, 0.5 & 1 PV NaCl followed by RO water 
upto 3 PV (pore volumes) for % recovery OOIP.                                      

• NaCl brine of 1500 PPM is more effective in producing higher recovery as compared to 1/15 times diluted 
formation water brine. 

• Examining the effect of slug size, it has been concluded that 25% pore volume slug size is the most effective 
compared to other slug size of low saline water injection.  

• The secondary recovery at the end of 3 PV is higher only when the injected brine is higher in concentration 
than the connate brine or connate brine itself or when it’s below a substantial salinity (2500 PPM) reaching 
the maximum at 1500 PPM.  

• The high secondary recovery at 3 PV injection in case of 1500 PPM NaCl brine is due to the shifting of the 
intersection point of kro & krw shifts to the extreme right. This shifting of intersection point clearly indicates 
that the resulting sandpack becomes more water-wet in case of 1500 PPM NaCl brine facilitating high per-
meability of oil. 
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Nomenclature 
LSW: Low Saline Water; 
PV: Pore Volumes; 
EOR: Enhanced Oil Recovery; 
FW: Formation Water; 
OOIP: Original Oil in Place. 
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