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ABSTRACT 

Improving oil recovery by low salinity waterflooding (LSWF) has gained a lot of 

attention in the last two decades. The effect of LSWF was demonstrated by coreflooding 

experiments in several core samples from sandstone and carbonate reservoirs around the world. 

This effect has also been shown in a field scale by some field pilot trials.  

While the exact mechanisms that cause increased recovery due to LSWF are not fully 

understood, most agree that changes in wettability and interfacial tension are the reasons that 

LSWF perform better than high salinity waterflooding (HSWF). LSWF can therefore be modeled 

by changing the property that determines the effect of wettability in fluid flow equations, which 

is the relative permeability. In this research, coreflooding results from a carbonate reservoir are 

used to find the relation between the relative permeability curves for HSWF and LSWF. A 

numerical simulation model of the coreflooding experiment showed that the relative permeability 

for the LSWF can be estimated by changing only one parameter in the Corey-type relative 

permeability equation of the HSWF: residual oil saturation. 

An application of this result was performed on a full-field simulation model to evaluate 

the effect of LSWF using simulation and economics. The field model was built for a carbonate 

reservoir in the Madison formation of Wyoming. The simulation results showed an increase in 

the recovery by more than 5% of the oil in place by using LSWF instead of HSWF. An economic 

analysis was performed to determine if the additional oil would justify the expense of making 

low salinity water. With proper assumptions of the construction and operating costs of a water 

desalination plant, a development plan with LSWF showed a higher net present value than a 

development with HSWF. 
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This research provides a practical approach to evaluate the effect of LSWF on certain 

fields using simulation. It provides a screening tool to quickly evaluate the oil gain from the 

LSWF before spending money on core samples testing for further research. 
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CHAPTER 1  

INTRODUCTION 

Oil reservoirs usually go through three recovery stages. The first stage is the primary 

recovery where the initial pressure is used to deplete the reservoir. The second stage is the 

secondary recovery where waterflooding and immiscible gas injection are used to maintain the 

pressure of the reservoir and sweep the oil to the production wells. The third stage is the tertiary 

recovery where thermal methods, solvent injection or chemical methods are used to drain the 

reservoir. The secondary and tertiary recovery stages are called Improved Oil Recovery (IOR) 

and the tertiary recovery stage by itself is often called Enhanced Oil Recovery (EOR). 

The secondary recovery stage is very well understood and applied in many oil reservoirs 

around the world. It has been used for decades especially using waterflooding to maintain the 

pressure. The recovery from waterflooding, however, has a limit. Thus, serious attention has 

been growing in recent years for EOR to unlock potential oil recovery that waterflooding cannot 

achieve.  

Even though EOR is considered the recovery stage that can produce most of the 

remaining oil in place, it has some major challenges that prevent it from being successful. For 

example, thermal recovery methods have proved their success in only one type of reservoirs 

which are heavy oil reservoirs. A second example of the difficulty of EOR is the lack of solvent 

resources for the solvent injection method. Hydrocarbon gases and carbon dioxide (CO2) are the 

solvents that showed effectiveness in increasing oil recovery through lab and field tests. The 

problem with the hydrocarbon gases is that they have a market value in a lot of countries around 

the world, therefore, oil companies are reluctant to inject these gases in the reservoir instead of 
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selling them. The problem with CO2 is the lack of its sources. A successful CO2 flooding project 

cannot be achieved unless a reliable source of CO2 is available in the area from a nearby CO2 

reservoir. A third example of the difficulty of EOR is the high cost of the chemicals that are used 

in chemical EOR methods. The oil gain from some of these methods may not justify the cost of 

the chemicals used. 

Because of all the challenges of EOR, researchers in major oil companies and academic 

institutions are currently working on developing new methods, ideas and technologies to 

improve oil recovery. One of these methods is Low Salinity Waterflooding (LSWF). It differs 

from the regular waterflooding method, which will be called High Salinity Waterflooding 

(HSWF) in this report. Most of the sources of the water that is used in regular waterflooding 

projects come from the sea or some subsurface reservoirs which have a high salinity. 

1.1 Motivation 

Tang and Morrow (1997) found by a coreflooding experiment on sandstone cores that oil 

recovery increases by decreasing the salinity of the injected water. Also, Yousef et al. (2011) 

reported a decrease of about 16% in residual oil saturation (Sor) of carbonate cores by increasing 

the dilution of the injection water twenty times. In both experiments, it is reported that the 

alteration of the wettability from oil wet to more water wet is the effect that causes the increase 

in recovery by the LSWF. Aside from the wettability alteration effect that was shown in the 

experiments mentioned above, there are other effects that are discussed in the literature which 

cause the oil gain from LSWF. The mechanisms that cause these effects are discussed in Chapter 

2 of this thesis. Knowing the exact mechanism that causes the oil gain from the LSWF, however, 

is not that important when it comes to modeling. In modeling, you need only to change some 
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properties that control the flow in the reservoir in order to represent a physical phenomenon that 

happened in reality. Wettability alteration and the other effects mentioned in literature that cause 

the increase in recovery by the LSWF can be represented in reservoir models by changing only 

one parameter: relative permeability. With the shift in formation wettability from oil wet to water 

wet, the oil flow will become easier and the water flow will become harder. That is represented 

in relative permeability curves by shifting the oil relative permeability (kro) upward and shifting 

the water relative permeability (krw) downward as shown in Figure 1-1. There is no analytical 

method in literature that can predict that change. The best way to determine this change is to 

measure the relative permeability in a specific field using coreflooding experiments with HSWF 

and LSWF. Finding a relation that can calculate this change is the motivation for this research. 

This relation can be used later to evaluate LSWF in a field scale. 

 
Figure 1-1: The expected shift of relative permeability curves from the HSWF case to the LSWF 

case. 
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1.2 Objectives 

The main objective of this thesis is to determine how effective LSWF can be in a field 

scale. To achieve these objectives, the following three aspects were studied: 

A. Identification of the relation between the relative permeability curves of the HSWF 

and the relative permeability curves of the LSWF. This was done by building a 

simulation model for a LSWF coreflooding experiment and trying to match the 

experiment by changing the relative permeability curves. 

B. Evaluation of the recovery gain from the LSWF in a field scale. This was done by 

running simulation cases on a reservoir model that was built on real field properties 

and applying the relation identified in part A. 

C. Evaluation of the economic viability of LSWF. This was done by estimating the 

economic parameters that affect LSWF including the added cost due to LSWF. Then 

the results of part B was used to determine the economic gain due to LSWF, and 

compare that to the added costs. 
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CHAPTER 2  

BACKGROUND INFORMATION 

Maximizing oil recovery from oil reservoirs is the ultimate goal of petroleum engineers 

and researchers in the oil industry. They try always to come up with ideas to improve oil 

recovery, and they investigate the feasibility of implementing these ideas in real fields. 

Waterflooding has been used to improve oil recovery from oil reservoirs for decades. The 

success of waterflooding has been shown by different applications in several fields around the 

world. These applications have made it easier for petroleum engineers to understand how 

waterflooding works. In most of these applications, the water that is used in the waterflooding 

process comes from seawater and formation water both of which have high salinity. In recent 

years, it has been proposed in the petroleum engineering industry that more oil can be recovered 

from reservoirs if low salinity water is used in the waterflooding process instead of high salinity 

water. This has been shown in several coreflooding experiments, however, it was not known 

what really makes LSWF work. Researchers have been trying to investigate the mechanisms that 

cause the increase in the recovery through laboratory experiments. In addition, trials in the field 

scale have been performed to confirm the oil gain from LSWF. 

2.1 Mechanisms 

There are three main effects that have been proposed to explain the cause of the oil gain 

from LSWF: wettability alteration, permeability change and interfacial tension (IFT) reduction 

(Hughes et al., 2012). Wettability alteration, which is the most accepted effect in the literature, 

causes the oil gain from LSWF by shifting the wettability of the reservoirs rocks from oil wet 

toward water wet. As the wettability of the rocks become more water wet, less oil will be held by 
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the rock surface and it will flow more easily to the production wells. The permeability change 

causes the increase in oil recovery by LSWF in two ways. First, the increase in absolute 

permeability in some areas of the reservoir due to rock dissolution or fines migration which will 

create bigger paths for all fluids to flow. Second, blockage of some high permeability zones by 

the migrated fines will divert the water to some non-swept areas in the reservoir and increase the 

sweep efficiency which will eventually increase the oil recovery. The decrease in IFT between 

water and oil will make the movement of the oil in the reservoir easier and that will contribute to 

the increase in oil recovery. 

There are several mechanisms that have been proposed which could cause the three 

effects mentioned above. One of these mechanisms may cause the effects or more than one or all 

of them may interact together to cause the effects. Six of these mechanisms will be discussed in 

this report: electric double layer expansion, fine migration, pH increase, multi ion exchange, 

salting-in and mineral dissolution. Some of these mechanisms may work only for sandstone 

reservoirs and not for carbonate reservoirs like fine migration and salting-in. However, the effect 

of LSWF has been shown from coreflooding experiments and field trial tests for both sandstone 

reservoirs and carbonate reservoirs.  

2.1.1 Electric Double Layer Expansion 

The electric double layer (EDL) is a description of the distribution of ions in the aqueous 

neighborhood of the reservoir rock. Two layers of ions are formed around the solid particles of 

the formation like clay particles. One is either negatively charged or positively charged and it is 

strongly attached to the solid and it is called the adsorbed layer. The other one contains positive 

and negative ions in motion and is called the diffuse layer (Figure 2-1) (Lee et al., 2010). 
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Figure 2-1: Sketch of the EDL showing the adsorbed layer and the diffuse layer (Lee et al., 

2010). 

In oil reservoirs, some oil droplets are strongly attached to the charged solid particles of 

the formation. During LSWF, the EDL expands due to the decrease in the salinity which means a 

decrease in the ionic strength (Figure 2-2). This expansion reduces the adsorption of some oil 

droplets to the formation wall and helps them to strip. That changes the rock wettability towards 

more water wet and increases the oil recovery (Lee et al., 2010). 

 
Figure 2-2: Effect of salinity change on EDL (Lee et al., 2010). 
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2.1.2 Fines Migration 

When crude oil originally migrated from its source rock to a trap, the polar components 

of the crude oil adhered to the walls of the formation. That causes the fine particles in the walls 

of the formation to be mixed-wet. During waterflooding, the mixed-wet fine particles tend to 

position themselves in the interface between oil and water (Figure 2-3), however, not all particles 

will separate from the formation walls because they do not have a sufficient force. As the salinity 

of the injected water decreases, the EDL around the particles will expand. That will make it 

easier for more fine particles to separate from the formation wall (Figure 2-4). As a result, that 

will change the wettability of the formation to more water wet and will increase oil recovery 

(Tang and Morrow, 1999). 

 
Figure 2-3: Partial stripping of mixed-wet fine particles from formation walls during 

waterflooding (Tang and Morrow, 1999). 
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Figure 2-4: Mobilization of trapped oil during the injection of low salinity water (diluted brine) 

(Tang and Morrow, 1999). 

Tang and Morrow (1999) reported a gradual reduction in the absolute permeability of a 

sandstone core sample when it was flooded with low salinity water. This reduction was due to 

the migration of fine particles and their blockage of some pore throats. This could divert the 

injected water to some non-swept areas and eventually increase the oil recovery (Hughes et al., 

2012). 

Tang and Morrow (1999) did several coreflooding experiments and found four factors 

that affect the fine migration by LSWF. First is the adsorption of polar components of the crude 

oil into the fine particles of the formation walls. When refined oil with no polar components was 

used instead of crude oil during coreflooding experiments, no oil gain was observed from the 

LSWF. Second is the presence of movable fine particles. When the movable fine particles were 

stabilized by firing and extensive flooding, the effect of LSWF was eliminated. Third, high clay 

content must be present in the formation. The effect of LSWF was reduced with rocks that have 

low clay content. Finally, initial water saturation must be present in the formation. The effect of 

LSWF was eliminated when a core was initially saturated with crude oil.  
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2.1.3 pH Increase 

Tang and Morrow (1999) found during coreflooding experiments that the injection of low 

salinity water raises the pH from a value near 7.0 to a value near 9.0. They stated that this 

increase was due to a combination of ion exchange and carbonation dissolution. The increase in 

the pH will lead to a formation of surfactant in a reservoir similar to what happens during the 

alkaline injection process. Surfactant helps to reduce the IFT between oil and water which will 

increase the oil recovery from the reservoir (McGuire et al., 2005). 

Lager et al. (2008) eliminated the pH increase from being a true mechanism for the effect 

of LSWF. They stated that the coreflooding experiments that showed an increase in the pH due 

to the LSWF were not performed under real reservoir conditions because most of oil reservoirs 

contain CO2 which acts as a pH buffer and prevents the pH from rising. 

2.1.4 Multi-component Ionic Exchange 

Lager et al. (2008) suggested that the main mechanism that causes the oil gain from 

LSWF is multi-component ionic exchange between minerals in the rock surface and the injected 

water. They presented this suggestions based on a laboratory experiment of a North Slope core 

sample. The sample was flushed extensively with brine that contained only sodium chloride 

(NaCl) to remove calcium ions (Ca
2+

) and magnesium ions (Mg
2+

) from the core sample. After 

that, the sample was aged in crude oil and the initial water saturation was established and it was 

flooded with high salinity brine that contained only NaCl and the recovery was 48% of original 

oil in place (OOIP). Next, the sample was flooded with low salinity brine that contained only 

NaCl and no increase in the recovery was observed. In addition, one more flood was performed 

using low salinity brine that contained Ca
2+

 and Mg
2+

 and again no increase in oil recovery was 
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observed. The results of this experiment indicated that when the multi ion exchange was 

eliminated, no oil gain was observed from LSWF. This was the first noted result where no oil 

recovery improvement was observed from LSWF. This indicates that multi-component ionic 

exchange could be the mechanism that causes the oil gain from LSWF. 

2.1.5 Salting-in 

The solubility of polar organic components in water is affected by the salinity and the ion 

composition of the water. Salting-out and salting-in are two terms that are used in the chemical 

literature to describe the effect of salinity on solubility. The solubility of polar organic 

components can be decreased by increasing the salinity of the water and that is called the salting-

out effect. On the other hand, the solubility of polar organic components can be increased by 

decreasing the salinity of the water, that is called the salting-in effect. During LSWF, because of 

the salting-in effect, some of the oil droplets that are attached to the formation walls will dissolve 

into the injected water. That will make the rock wettability change toward more water wet which 

will increase the oil recovery (RezaeiDoust et al., 2009).  

Salting-in is a suggested mechanism for the effect of LSWF in sandstone reservoirs. It 

cannot happen in carbonate rocks because of the strong bond between the organic material and 

the formation (RezaeiDoust et al., 2009). 

2.1.6 Mineral Dissolution 

Pu et al. (2010) suggested that dissolution of anhydrite could be a mechanism for the 

effect of LSWF. This suggestion was based on a coreflooding experiment on a dolomitic 

reservoir core sample. Both high salinity water and low salinity water cause the anhydrite to 

dissolve. However, an increase of sulfate content in the effluent was observed using LSWF 
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compared to the sulfate content in the effluent using HSWF. That was considered evidence for an 

increase in the anhydrite dissolution using LSWF. The dissolution of minerals changes the 

permeability of the formation and that could contribute to the increase of oil recovery during 

LSWF. 

2.2 Lab Experiments 

Ideas to improve oil recovery from oil reservoirs are always tested first in core samples in 

the lab. In the literature, there are a lot of lab experiments reported in the last two decades about 

the effect of LSWF on oil recovery. These experiments were done on different core samples 

from different formations around the world with different properties. Most of these experiments 

were done on sandstone samples but there are some that were performed on carbonate samples. 

To illustrate the importance of these experiments on finding the effect of LSWF, the results of 

one lab experiment on sandstone and another one on carbonate are displayed in this report. 

Before showing the results of these experiments, the limitations of these kinds of 

experiments should be understood. Researchers try to make coreflooding experiments duplicate 

what really happens in the reservoir, but this is not always achievable due to some technical 

limitations. For example, in coreflooding experiments, the injected brine and the connate brine 

are usually the same but this is not the case in real reservoirs. Another example is that the 

experiments are done in isothermal conditions while in real reservoirs the injected water is colder 

than the fluids inside the reservoir. Third, the pressure differential across core samples is very 

small while it is usually large between injection and production wells in real reservoirs (Tang 

and Morrow, 1997). These limitations make the coreflooding experiments less than 100% 

accurate in duplicating what happens in reservoirs but their results are still representative. 
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2.2.1 Lab Experiment in Sandstone 

Tang and Morrow (1997) did a coreflooding experiment on a Berea sandstone core 

sample. The sample had permeability around 500 md and porosity of approximately 23%. Brine 

of a salinity about 24,000 part per million (ppm) total dissolved solid (TDS) was initially injected 

into the core. Then, it was diluted 10 times and injected in the core and a slight increase in the oil 

recovery was observed. Next, the brine was diluted 100 times and injected again. The increase of 

oil recovery between the initial injected brine and the most diluted one was 10% of OOIP. Figure 

2-5 shows the results of this experiment. 

 
Figure 2-5: Effect of different dilutions of reservoir brine (RB) on oil recovery (Tang and 

Morrow, 1997). 

 

2.2.2 Lab Experiment in Carbonate 

Yousef et al. (2011) did a coreflooding experiment on a Middle Eastern carbonate core 

sample. The sample had permeability around 40 md and porosity of approximately 25%. 
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Seawater with a salinity of about 57,600 ppm TDS was initially injected into the core and the oil 

recovery from this flood was about 67% of original oil in core (OOIC). Then, the injection water 

was diluted two times and an oil gain of about 7% of OOIC was observed. After that, the 

injection water was diluted 10 times and an oil increase of about 9% of OOIC was recorded. 

Next, the injection water was diluted 20 times and an oil gain of about 1.6% of OOIC was 

observed. Finally, the injection water was diluted 100 times but no oil gain was recorded from 

this flood. The increase of oil recovery between the initial injected seawater and the most diluted 

brine was about 18% of OOIC. Figure 2-6 shows the results of this experiment. The same test 

was performed on another core sample and it showed similar results. 

One observation from the experiment explained above is that there was no additional oil 

recorded after the injection water was diluted 100 times. That means all the effects of LSWF 

were observed when the injection water salinity was dropped from about 57,600 ppm TDS to a 

value of approximately 3,000 ppm TDS. No additional oil was recorded when the salinity 

dropped to about 600 ppm TDS. This might indicate that there is a limit to where the effect of 

LSWF can be observed in terms of the salinity of the water. However, no conclusion about this 

limit can be extrapolated from this experiment because that limit may vary for different rock 

compositions. Also, the staged decrease in the injection water salinity that was implemented in 

this experiment may have an effect on the conclusion that can be made about the salinity limit. If 

a core sample from the same field was flooded directly by water with a salinity of 600 ppm TDS, 

different results of oil recovery might be observed. 
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Figure 2-6: Oil-Recovery of a coreflooding experiment in carbonate. The blue curve represents 

the amount of oil produced of OOIC and the red curve represents the injection rate (Yousef et al., 

2011). 

In addition to the coreflooding experiment, Yousef et al. (2011) used some lab 

instruments to measure the contact angle between water and oil with different water salinities. 

This test was to confirm the effect of LSWF on wettability. At the start of the test, both the water 

contact angle and oil contact angle were 90 degrees which means that the rock had an 

intermediate wettability. During the test they found that as the salinity of water decreases, the 

contact angle of water decreases which means that the rock becomes more water wet. Images of 

the contact angle change with salinity change are shown in Figure 2-7. Two more tests were 

conducted to confirm the results of the first test. Figure 2-8 shows the results of the three tests 

and it can be seen clearly from that figure that as the salinity decreases, the wettability of the 

rock shift towards more water wet. 
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Figure 2-7: Images of contact measurements with different dilution versions of seawater (Yousef 

et al., 2011). 

 
Figure 2-8: Water contact angle measurement versus different dilutions of seawater. The figure 

shows that as the salinity of the injected water decreases, the wettability shifts toward water-wet 

zone (Yousef et al., 2011). 



17 

 

2.3 Field Trials 

After testing any idea to improve oil recovery in the lab, a trial test in the field is the next 

step. The LSWF is relatively new to the petroleum engineering industry and there is no full field 

application for it reported in the literature. However, there are some pilot tests that were done on 

some fields to test the advantage of LSWF. Two of these tests are shown in this report. One of 

them was done in a sandstone reservoir and the other one was done in a carbonate reservoir. In 

both of them, a single well chemical tracer test (SWCTT) was used to measure the residual oil 

saturation (Sor) in the reservoir after LSWF. 

In the SWCTT, one well is used for injection and production. Water is injected into the 

well containing about 1% of an ester which is the primary tracer. Then, it is pushed away inside 

the reservoir using a large volume of water that does not contain ester to the desired depth of 

investigation which is about 10 to 15 feet in radius from the well. The total volume of water 

injected contains a non-partitioning alcohol which is used as a material balance tracer. After that, 

the well is shut-in for a period from one to ten days in order to give sufficient time for the ester 

to react. In the reservoir, the ester reacts with water to form ethanol which is the secondary tracer 

and it is soluble only in water. Only about 10% to 50% of the ester will react to form ethanol 

(McGuire et al., 2005). 

After the shut-in period, the unreacted ester and the ethanol will be both located about 10 

to 15 feet in radius away from the well. During the flow back of the well, the ethanol will flow to 

the well with a speed similar to the speed of the water. On the other hand, the ester will be 

partitioning between the immobile residual oil saturation and the mobile water saturation and 

that will delay the arrival of the ester to the well with a period proportional to the volume of Sor. 
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The separation between the arrival of the ethanol and the ester to the well is used to determine 

the Sor. A large separation will result in a high Sor and a low separation will result in a low Sor. 

Figure 2-9 shows an idealize profile for SWCTT (McGuire et al., 2005). 

 
Figure 2-9: Idealized profile for the SWCTT production (McGuire et al., 2005). 

2.3.1 Field Trial in Sandstone 

Four wells in the North Slope of Alaska were used to perform SWCTTs before and after 

LSWF. This was to evaluate the reduction in Sor from LSWF. Reductions of four to nine units of 

saturation were recorded. Figure 2-10 shows the map of the North Slope of Alaska and the 

locations of the four wells: L-122, L-01, 3-39A and N-01A (McGuire et al., 2005). 

The first well that was used for SWCTT was L-122 which is located in the Borealis Field 

of the Prudhoe Bay Unit. High salinity brine with a salinity of about 23,000 ppm TDS was 

injected in the reservoir first. A SWCTT was performed to evaluate the Sor after the HSWF and 

resulted in a Sor value of 21%. After that, low salinity brine with a salinity of about 2,500 ppm 

TDS was injected. A second SWCTT was performed to evaluate the Sor after the LSWF and 
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resulted in a Sor value of 13%. A reduction of eight units of saturation was recorded in this well 

due to LSWF (McGuire et al., 2005). 

 
Figure 2-10: Map of the North Slope of Alaska (McGuire et al., 2005). 

The second well that was used for SWCTT was L-01 which is located in the Northwest 

Eileen area of the Prudhoe Bay Field. High salinity brine with a salinity of about 23,000 ppm 

TDS was injected in the reservoir first. A SWCTT was performed to evaluate the Sor after the 

HSWF and resulted in a Sor value of 19%. After that, low salinity brine with a salinity of about 

3,000 ppm TDS was injected. A second SWCTT was performed to evaluate the Sor after the 

LSWF and resulted in a Sor value of 15%. A reduction of four units of saturation was recorded in 

this well due to LSWF (McGuire et al., 2005). 

The third well that was used for SWCTT was 3-39A which is located in the Endicott 

Field of the Duck Island Unit. High salinity brine with a salinity of about 32,000 ppm TDS was 

injected in the reservoir first. A SWCTT was performed to evaluate the Sor after the HSWF and 

resulted in a Sor value of 43%. After that, low salinity brine with a salinity of about 1,440 ppm 



20 

 

TDS was injected. A second SWCTT was performed to evaluate the Sor after the LSWF and 

resulted in a Sor value of 34%. A reduction of nine units of saturation was recorded in this well 

due to LSWF (McGuire et al., 2005). 

The fourth well that was used for SWCTT was N-01A which is located in the western 

operating area of the Prudhoe Bay Field. Different from the other three wells, an additional test 

was performed in this well to evaluate the Sor reduction from injection of intermediate salinity 

brine. High salinity brine with a salinity of about 22,000 ppm TDS was injected in the reservoir 

first. A SWCTT was performed to evaluate the Sor after the HSWF and resulted in a Sor value of 

21%. After that, low salinity brine with a salinity of about 7,000 ppm TDS was injected. A 

second SWCTT was performed to evaluate the Sor after the LSWF and no reduction in Sor was 

recorded. Next, low salinity brine with a salinity of about 2,200 ppm TDS was injected. A third 

SWCTT was performed to evaluate the Sor after the LSWF and resulted in a Sor value of 17%. A 

reduction of four units of saturation was recorded in this well because of LSWF. An interesting 

observation was revealed from this trial test. The water injection with intermediate salinity did 

not improve the Sor. That means that there is a threshold for the salinity in order to improve oil 

recovery by LSWF. For this trial test, the threshold was somewhere between 7,000 ppm TDS and 

2,200 ppm TDS (McGuire et al., 2005). 

2.3.2 Field Trial in Carbonate 

Two wells in a carbonate field in the Middle East were used to perform SWCTTs before 

and after LSWF. This was to evaluate the reduction in Sor from LSWF. Reductions of six to 

seven units of saturation were recorded (Yousef et al., 2012). 
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The first trial test was performed on Well A. Seawater with a salinity of about 57,600 

ppm TDS was injected first in the reservoir to evaluate the Sor from HSWF. A SWCTT was 

performed in the well after that. Then, the seawater was diluted ten times to a salinity of about 

6,000 ppm TDS and injected in the reservoir. A second SWCTT was performed in the well and 

resulted in a reduction of seven saturation unit in the value of Sor due to LSWF (Yousef et al., 

2012). 

The second trial test was performed on Well B. Seawater with a salinity of about 57,600 

ppm TDS was injected first in the reservoir to evaluate the Sor from HSWF. A SWCTT was 

performed in the well after that. Then, the seawater was diluted twice to a salinity of about 

29,000 ppm TDS and injected in the reservoir. A second SWCTT was performed in the well and 

resulted in a reduction of three saturation unit in the value of Sor. Next, the seawater was diluted 

ten times to a salinity of about 6,000 ppm TDS and injected in the reservoir. A third SWCTT was 

performed in the well and resulted in a reduction of three saturation unit in the value of Sor. A 

total reduction of six units of saturation in the value of Sor was recorded from this trial test due to 

LSWF (Yousef et al., 2012). The results of this test showed an improvement of Sor with 

intermediate salinity water injection which was different than what was observed from the 

previous trial test. This may indicate that the threshold of the salinity in order for LSWF to work 

may not always exist. That means the oil recovery may be improved by any reduction in 

injection water salinity. 

2.4 Modeling 

In modeling fluid flow in an oil reservoir, it is not necessary to create a model that looks 

exactly the same as the real reservoir. However, it is important to have a model with some 
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properties that represent the oil and water movement inside the reservoir. Knowing the exact 

mechanism that causes the effect of LSWF is not that critical when it comes to modeling. The 

critical thing to know is what properties to change in order to represent the effect of LSWF on 

the fluid flow in the reservoir. 

 
Figure 2-11: Schematic of residual oil saturation to waterflooding (Sorw) dependence on the 

salinity of injection water (Jerauld et al., 2006). 

The oil gain from LSWF depends on the salinity. However, there is no defined relation 

between the salinity and the oil recovery improvement from LSWF. Since the alternation of 

wettability is the most accepted effect of LSWF, the LSWF can be modeled by changing the 

properties that determine the effect of wettability in the fluid flow equation. The main property 

that controls the wettability in a reservoir model is the relative permeability. The best way to 

represent the effect of LSWF in a reservoir simulator is to identify two relative permeability 

curves from coreflooding experiments, one for HSWF and the other one for LSWF. For 

sensitivity analysis for water injection salinities between HSWF and LSWF, a straight line 

interpolation between the two relative permeability curves can be a good approximation. Figure 

2-11 shows a schematic explanation of residual oil saturation dependence on the salinity of 

injection water. In this example, the residual oil saturation to waterflooding (Sorw) is 20% at 
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7,000 ppm TDS salinity and it is 8.1% at 1,000 ppm TDS. Moreover, some coreflooding 

experiments showed that there is a threshold for salinity change in order to see an impact on oil 

recovery. This threshold needs to be determined based on experimental data in order to represent 

it in the reservoir model. An example of the threshold is shown in Figure 2-11 (Jerauld et al., 

2006). 

2.5 Economics 

The technical ability to extract oil from underground is not enough. Economic feasibility 

is vital for the success of any petroleum engineering project. One of the factors that affects the 

implementation of any IOR idea is economics. No detailed economic evaluation of the LSWF 

was found in the literature. However, the economic evaluation of any IOR ideas varies for 

different places. Thus, the appropriate way to do the economic evaluation of any IOR project is 

to identify the factors that affect the evaluation and make the proper assumptions accordingly. 

There are three main factors that affect the economic evaluation of LSWF. These factors are oil 

gain volume, water desalination cost and oil prices. 

The first factor that affects the economic conclusion about the LSWF is oil gain volume. 

In order to implement a new IOR idea in a reservoir, the reservoir needs to have a significant 

volume of oil. It was shown in this report that LSWF can improve the recovery by more than 

10% of OOIP. The recovery percentage is not enough to determine the oil gain. In a giant 

reservoir, 4% of OOIP for example could be a much larger volume than 40% of OOIP in a small 

reservoir.  

The second factor that affects the economic conclusion about LSWF is water desalination 

cost. In most of the waterflooding projects around the world, high salinity water is used from the 
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available sources around them. In order to implement LSWF, this water needs to be desalinated 

before injection. Building and operating a water desalination plant for LSWF projects has an 

important impact on the economics of these projects. However, the cost of water desalination 

could be variable in different places around the world.  

The third factor that affects the economic conclusion about the LSWF is oil prices. Oil 

prices in the last three decades have changed dramatically. Managers and accountants of any 

petroleum engineering company need to plan LSWF projects carefully and take into account the 

fluctuations in oil prices. The implementation stage for LSWF projects could take years 

especially if it involves water treatment plant construction. When the decision is made to execute 

the construction of these projects, a realistic prediction of oil prices changes needs to be 

calculated.  

It is important to understand that the economic evaluation of LSWF projects might vary 

drastically from one field to another. The implementation of LSWF needs to be studied in field 

by field cases. That way all the factors that affect the economic conclusions about that LSWF 

project can be identified and given the appropriate weight.  
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CHAPTER 3  

LAB TEST MATCHING 

In order to find the relation between the relative permeability curves for LSWF and 

HSWF, the lab results of the Yousef et al. (2011) experiment were used. The idea was to build a 

model for the core sample that was used in the experiment and match the flow profile of the 

experiment. The matching process was done by changing the relative permeability curves. 

3.1 Lab Test Description 

Yousef et al. (2011) did coreflooding experiments on two sets of cores. The results from 

the two sets were similar. In this research, only the results from the first set of cores are used. 

Only the results from that set of cores are described in this report. 

3.1.1 Rock and Fluid Properties 

Core samples from a carbonate reservoir were collected and were put through several lab 

tests. First, they were analyzed to get the basic reservoir properties that included porosity and 

permeability. The core analysis results of the four core samples that were used in this experiment 

are shown in Table 3-1. After that, an X-ray computerized tomography scan was conducted on 

the core samples to make sure that fractures did not exist in these samples. Finally, the core 

samples were distributed based on their composites using Nuclear Magnetic Resonance (NMR).  

The pore volume (PV), the OOIC and the initial water saturation (Swi) was measured for 

the four core samples. A centrifuge apparatus was used to do these measurements. The values of 

pore volume, the OOIC and the Swi for the four core samples are shown in Table 3-2. 
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Table 3-1: Basic Petrophysical properties for the core samples used in Yousef et al. (2011) 

experiment. 

Sample # 
Length 

(cm) 

Diameter 

(cm) 

Air Permeability 

(md) 

Brine Permeability 

(md) 

Porosity 

(%) 

1 4.04 3.81 51.00 35.00 22.10 

2 4.25 3.81 78.50 53.80 20.80 

3 4.02 3.80 71.90 45.71 28.90 

4 3.93 3.80 47.60 30.55 28.70 

Total/Avg. 16.24 3.80 59.8 39.6 25.1 

Table 3-2: The pore volume, the OOIC and the initial water saturation of the core samples used 

in Yousef et al. (2011) experiment. 

Sample # Pore Volume (cm
3
) OOIC (cm

3
) Swi (%) 

1 8.21 7.04 14.3 

2 8.08 6.98 13.5 

3 10.48 9.78 6.8 

4 9.85 9.01 8.6 

Total/Avg. 36.63 32.80 10.44 

The four core samples were arranged based on their composite to form one single core 

plug. The arrangement of the core samples is illustrated in Figure 3-1. This core plug is 16.24 cm 

long and its diameter is 3.80 cm. 
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Figure 3-1: A diagram showing the arrangement of the four core samples to form a single core 

plug that was used in Yousef et al. (2011) experiment. 

Table 3-3: Basic fluid properties for the fluid that was used in Yousef et al. (2011) experiment. 

Saturation pressure, psia at 212ºF 1,804 

Gas/oil ratio, SCF/STB 493 

Stock tank oil gravity ºAPI at 60ºF 30.0 

Dead oil density at room temperature, Ib/ft
3
 54.50 

Dead oil viscosity at room temperature, cp 14.59 

Table 3-4: Brines’ properties for the brines used in Yousef et al. (2011) experiment. 

Property 

Field 

Connate 

Water 

Seawater 

Twice 

Diluted 

Seawater 

10 Times 

Diluted 

Seawater 

20 Times 

Diluted 

Seawater 

100 Times 

Diluted 

Seawater 

TDS, ppm 213,000 57,600 29,000 6,000 3,000 600 

Density 

(g/cm
3
) 

1.1083 1.0152 0.9959 0.9812 0.9782 0.9779 

Viscosity 

(cp) 

0.476 0.272 0.242 0.232 0.212 0.193 
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Live oil with properties similar to the reservoir condition of the core samples was used in 

this experiment. Table 3-3 shows the basic fluid properties of the oil used in this experiment. 

Also, different brines were used in this experiment that have similar properties to the field 

connate water and injection seawater. In addition, four other types of brine were prepared which 

are twice, 10-times, 20-times and 100-times dilutions of seawater. The properties of these brines 

are shown in Table 3-4. 

3.1.2 Coreflooding Results 

The coreflooding experiment was conducted by injecting different salinities of water and 

recording the improvement in oil recovery. The injection was started with the seawater then 

moved to lower salinities by injecting different dilutions of seawater. The injection rate was set 

to 1 cm
3
/min for each injection cycle. The rate was increased to 2 cm

3
/min and then to 5 cm

3
/min 

at the end of each cycle to assure the production of all movable oil. Table 3-5 shows a summary 

of the coreflooding results. 29.5% Sor was achieved by injecting the seawater. The twice diluted 

seawater reduced the Sor by 6.2 units to a value of 23.3%. The 10-times diluted seawater made a 

significant reduction of the Sor by 8.2 unites to a value of 15.1%. The 20-times diluted seawater 

reduced the Sor by 1.6 units to a value of 13.5%. The 100-times diluted seawater did not produce 

any extra oil. The flow profile of this experiment was shown earlier in Chapter 2 in Figure 2-6. 

Figure 3-2 shows the pressure drop profile during the coreflooding experiment. The most 

obvious observation about this profile is the sharp increase of pressure at the end of each 

injection cycle. This is due to the increase of the injection rate at the end of each injection cycle. 
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Table 3-5: The coreflooding results of Yousef et al. (2011) experiment. 

Injection Water Oil Recovery (% OOIC) Sor (% Pore Volume) 

Regular Seawater 67.04 29.5 

Twice Diluted Seawater 6.99 23.3 

10-time Diluted Seawater 9.12 15.1 

20-times Diluted Seawater 1.63 13.5 

100-times Diluted Seawater 0.00 13.5 

 

 
Figure 3-2: The pressure drop profile of the coreflooding experiment. The blue curve represents 

the pressure drop across the core plug and the red curve represents the injection rate (Yousef et 

al., 2011). 
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3.2 Lab Test Simulation 

A simulation model was built to represent the lab experiment explained in the previous 

section. The Schlumberger simulator “ECLIPSE” was used to do the simulation study. The 

procedure to use LSWF in ECLIPSE is shown in this section. Also, the simulation model and 

approach are explained.  

3.2.1 Low Salinity Option in ECLIPSE 

To simulate LSWF using ECLIPSE, the low salinity option needs to be activated first by 

adding the keyword “LOWSALT”. This will allow having two sets of relative permeability and 

capillary pressure curves. Then, the user will use a low salinity function that is represented by the 

keyword “LSALTFNC” to specify a salinity value for each set of the relative permeability and 

capillary pressure curves. Using this function, the user will specify a weighting factor for each 

salinity such that the factor will be 1.0 for the low salinity and 0.0 for the high salinity. After 

that, the user can provide different salinity values between the low and high salinity values and 

specify the right factor for each salinity value. ECLIPSE will use this factor to do an 

interpolation between the two provided sets of relative permeability and capillary pressure curves 

to get the right curves for the specified salinity value. ECLIPSE will only look into the factor and 

not the actual salinity value. For example, if there are two sets of relative permeability and 

capillary pressure curves, one set is for 500 ppm salinity and the other set is for 40,000 ppm 

salinity, the user will specify a factor of 1.0 to the 500 ppm salinity and a factor of 0.0 to the 

40,000 ppm salinity. Then, if the user wants to do a run where he injects water with a salinity of 

11,000 ppm in the reservoir, he can specify a factor between 1.0 and 0.0 in the LSALTFNC to 

that salinity for example 0.7. ECLIPSE will calculate the relative permeability and capillary 
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pressure for the factor 0.7 by interpolation of the values of relative permeability and capillary 

pressure of the factors 0.0 and 1.0 (ECLIPSE Reservoir Simulation Software, 2013). 

The brine properties for different salinity brines can be specified in ECLIPSE. The 

keyword “PVTWSALT” is used to specify the PVT properties for different salinity brines. The 

keyword “BDENSITY” is used to specify the density for different salinity brines. The salinity of 

the injected water can be specified using the keyword “WSALT” (ECLIPSE Reservoir 

Simulation Software, 2013). 

3.2.2 Simulation Model 

The core plug that was simulated had a cylindrical shape and was 16.24 cm long and its 

diameter was 3.80 cm. For simplicity, a rectangular model was created to represent the core plug 

and it had the same volume as the cylindrical core. The model has six cells in the x-direction, one 

cell in the y-direction and one cell in the z-direction. The six cells are actually representing the 

four core samples that form the core plug and were shown in Figure 3-1. They were originally 

supposed to be four cells but two cells were cut from the two cells in the edges to add the injector 

inlet and producer outlet. The core sample # 2, which is 4.25 cm long and has the inlet of the 

injected water, was represented by two cells: one is 0.02 cm long in the edge and it had the 

injector inlet and the other one is 4.23 cm long. Similarly, the core sample # 1, which is 4.04 cm 

long and has the outlet of the production, was represented by two cells: one is 0.02 cm long in 

the edge and it had the production outlet and the other one is 4.02 cm long. The two middle cells 

were 3.93 cm long and 4.02 cm long as core samples # 4 and core sample # 3 respectively. The y 

and z dimensions of the cells were the same value which is 3.367762 cm. This length was 
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calculated in order to have squares in the edges of the rectangular model that have the same area 

of the circles in the edges of the cylindrical core plug.  

The basic reservoir petrophysical properties shown in Table 3-1 were used in this model; 

however, some modifications were necessary for modeling. The exact porosity values of the four 

core samples were not used. When a basic volumetric calculation was performed on the four core 

samples, it was found that the total pore volume of the core plug was 46.23 cm
3
. This pore 

volume was significantly higher than the value obtained from the centrifugal experiment that 

yielded a pore volume value of 36.63 cm
3
 (Table 3-2). This is normal when a real core sample 

from the reservoir is used because some pore spaces are isolated and will not appear in a 

centrifugal experiment, however, numerical simulation models consider rocks are ideal and they 

take into account all the porosity values. Therefore, in order to have a representative model of the 

Yousef et al. (2011) experiment, the exact porosity values cannot be used. These values need to 

be modified in order to have a pore volume equal to 36.63 cm
3
. For consistency, all the porosity 

values were multiplied by a coefficient that would yield a total pore volume equal to 36.63 cm
3
 

using the volumetric analysis. This coefficient was 0.792. Table 3-6 summarizes the volumetric 

calculations and shows the modified values of the porosity that were used in the simulation 

model. 

The exact same brine permeability values shown in Table 3-1 were used for the 

permeability values in the x-direction in the model. Since there was no specification about the 

direction of the permeability values in Yousef et al. (2011) experiment, the same permeability 

values where used in the y-direction and the z-direction in the simulation model; however, these 

values do not influence the results since the flow is only in the x-direction. Table 3-7 summarizes 

the dimensions and the petrophysical properties of the model. Figure 3-3 shows a three 
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dimensional (3-D) graph of the simulation model with the porosity values. From the graph, it 

seems that there are only four cells in the model. This is because the two cells in the edges, that 

have the injector and the producer, have exactly the same petrophysical properties of the cells 

next to them. Figure 3-4 shows a 3-D graph of the model with the permeability values in the x-

direction. A copy of the data file used for simulating Yousef et al. experiment is shown in 

Appendix A. 

Table 3-6: Volumetric calculations of the core samples of Yousef et al. (2011) experiment. 

Sample # 
Volume 

(cm
3
) 

Original 

Porosity (%) 

PV Based on 

Original Porosity 

(cm
3
) 

Modified 

Porosity (%) 

PV Based on 

Model Porosity 

(cm
3
) 

1 46.06 22.1 10.18 17.5 8.07 

2 48.45 20.8 10.08 16.5 7.99 

3 45.59 28.9 13.18 22.9 10.44 

4 44.57 28.7 12.79 22.7 10.14 

Total/Avg. 184.18 25.1 46.23 19.9 36.63 

Table 3-7: The dimensions and the petrophysical properties of the simulation model that was 

built to represent Yousef et al. (2011) experiment. 

Cell Number 1 2 3 4 5 6 

Length in x-direction (cm) 0.02 4.23 3.93 4.02 4.02 0.02 

Porosity (%) 16.5 16.5 22.7 22.9 17.5 17.5 

Permeability (md) 53.80 53.80 30.55 45.71 35.00 35.00 
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Figure 3-3: A 3-D graph showing the porosity of the simulation model that represents the core 

plug of Yousef et al. (2011) experiment. 

 
Figure 3-4: A 3-D graph showing the permeability in the x-direction of the simulation model that 

represents the core plug of Yousef et al. (2011) experiment. 

In Yousef et al. (2011), live oil was used to do the coreflooding experiment, however, 

there was no data reported about gas production, thus, dead oil was used in the simulation model 
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for simplicity. The fluid properties for dead oil in Table 3-3 were used. Also, the properties of 

the different brines that are shown in Table 3-4 were used in the simulation model. 

Capillary pressure in a tube is defined by Equation (3-1):  

    
      

 
 (3-1) 

Where Pc is the capillary pressure, γ is the IFT,  is the wetting angle and r is the radius of the 

tube. Since the reservoir has a mixed wettability with a wetting angle equal to 90º as shown in 

Figure 2-8, it was estimated the capillary pressure of the reservoir was zero at all water saturation 

values. 

The capillary pressure was assumed to be the same for both HSWF and LSWF. In other 

words, it was assumed not to be changing by the reduction of the injected water salinity. This 

assumption was considered in order to minimize the number of variables that need to be changed 

to match the experimental data. Also, the effect of the change of capillary pressure on the flow is 

minimal when compared to the effect of the change of relative permeability. In addition, 

assuming constant capillary pressure is acceptable since it was considered that there are no 

fractures in the model. If the model contains fractures, the capillary pressure change needs to be 

considered because it will have a more significant impact on the flow. 

First estimation of the relative permeability curves was calculated using the Corey type 

Equations (3-2) and (3-3) below (Corey, 1954): 

        
 [
        
         

]
  

 
 (3-2) 
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 [

      
         

]
  

 
 (3-3) 

Where kro* is the oil relative permeability end point of Corey type curve, krw* is the water 

relative permeability end point of Corey type curve, Sw is water saturation and no and nw are the 

exponents of Corey type curves. Initially, a value of one was used for both kro* and krw* and a 

value of two was used for both no and nw. A value of 10.44% was used for Swi which is the 

average initial water saturation of the reservoir as shown in Table 3-2. In addition, a value of 

29.5% was used for Sor which is the residual oil saturation for waterflooding with seawater as 

shown in Table 3-5. These values give the relative permeability curves that are shown in Figure 

3-5. 

 
Figure 3-5: The initial relative permeability curves that were used in the simulation model of 

Yousef et al. (2011) experiment. 
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3.2.3 Simulation Approach 

The simulation approach that was considered to do the lab test matching for Yousef et al. 

(2011) experiment was set in three steps. The first step was performing an initial run at the 

beginning using seawater injection and initial relative permeability curves to check that the 

injection rate and pressure drop were similar to the results of the experiment. The second step 

was doing a trial and error process to find the closest match between the simulation results and 

the flow profile of the experiment for seawater injection by changing only the relative 

permeability curves. This was done by changing the four parameters: kro*, krw*, no and nw. The 

third step was running the model for different low salinity brines injection by changing only the 

relative permeability curves. This was done by using the known values of Sor for different 

salinity brines as shown in Table 3-5 and using the same values of kro*, krw*, no and nw obtained 

from step two in the relative permeability equations.  

3.3 Simulation Results 

The results of the simulation of Yousef et al. (2011) are discussed in this section. It starts 

with a clarification of the preparation of the matching data and the initial run. After that, it shows 

an explanation of the process to achieve the matching of injection rate and pressure drop. Then, 

since the relative permeability curves are the only parameter that was being changed to achieve 

the matching, the sensitivity of relative permeability parameters and their effect in the flow 

profile is discussed. Finally, the results for matching of the flow profile are illustrated. 

3.3.1 The Preparation of the Matching Data 

In order to compare the simulation results with the experimental data, they have to be in 

the same units. The flow profile that is shown in Figure 2-6 was changed from being a graph of 
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% of OOIC versus the number of PV injected to a graph of oil production volume versus time. 

This was done by digitizing the flow profile first. Then, Equation (3-4) was used to change the x-

axis from number of PV injected to time. After that, Equation (3-5) was used to change the y-

axis from % of OOIC to oil production volume. The resulting flow profile curve is shown in 

Figure 3-6. 

      (   )                                   
 

  
 

 (3-4) 

                (   )            (     )      (3-5) 

 
Figure 3-6: The flow profile for Yousef et al. (2011) after the modification of x-axis and y-axis. 

Similarly, the pressure drop profile shown in Figure 3-2 was changed. The x-axis was 

changed from number of PV injected to time using Equation (3-4). However, the y-axis was kept 

as pressure in psi unit.  Figure 3-7 shows the pressure drop curve with the new x-axis.  
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As mentioned earlier, the pressure drop jumps that were observed in the pressure drop 

profile were due to the increase of water injection rates at the end of each injection cycle. Since 

the increase in inject rate did not have an impact on the production, in the simulation model only 

constant rate was used which is the initial rate that is equal to 1 cm
3
/min. Therefore, only the first 

portion of the pressure drop profile, which represents the first eleven hours of the experiment, 

was used to match the experimental data with the simulation model. 

 
Figure 3-7: The pressure drop of Yousef et al. (2011) experiment after the modification of x-axis. 

3.3.2 The Initial Run 

An initial run of the simulation model was performed. The maximum pressure at the 

producer was set equal to the reservoir pressure which was equal to 122.7549 atm (1,804 psi). 

On the other hand, the maximum pressure at the injector was set equal to the reservoir pressure 

plus the maximum observed pressure drop value which was 34 psi. The maximum pressure at the 
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injector was equal to 125.0685 (1,838 psi). The injection rate was set equal to 60 cm
3
/hr 

(1cm
3
/min). 

To calculate the relative permeability curves using equations (3-2) and (3-3), six 

parameters need to be identified. Two of these parameters, which are Swi and Sor, are known 

from the experimental results. The four parameters, that need to be modified in order to reach a 

match between the flow profile from the experiment and the simulation model, are kro*, krw*, no 

and nw. An initial run for the simulation model, with the modified pressure drop and using the 

relative permeability curve shown in Figure 3-5, resulted in the flow profile shown in Figure 3-8. 

The run was performed only for the first 16 hours which showed the flow profile of the seawater 

injection. This will be considered as a base case and the sensitivity of the relative permeability 

parameters will be compared to it.  

 
Figure 3-8: The base case for the flow profile simulation for seawater injection of Yousef et al. 

(2011) experiment. 
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3.3.3 Injection Rate and Pressure Drop Matching 

Before looking into the results of the flow profile, the pressure drop and injection rate 

data where assessed first to make sure that they were matching the experiment. The simulation 

run resulted in a pressure drop profile similar to the experimental one (Figure 3-9), however, the 

injection rate took some time to reach the target injection rate (Figure 3-10). 

 
Figure 3-9: The pressure drop profile of the initial simulation run for the Yousef et al. (2011) 

experiment compaired to the experimental data. 

The factor that could be preventing the injection rate from reaching 60 cm
3
/hr with the 

given pressure drop is the opening of the flow. In the lab experiment, the whole area of the side 

of the core sample was used to inject the water. However, in the ECLIPSE simulation model, the 

maximum opening for flow that could be put in a square with a length equal to 3.367662 cm is a 

wellbore with a diameter equal to 1.3 cm. Figure 3-11 shows a sketch that illustrate the situation. 

More pressure is needed at the inlet to reach the desired injection rate from the beginning. 
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Figure 3-10: The injection rate profile of the initial simulation run for the Yousef et al. (2011) 

experiment. The graph shows that the rate did not reach 60 cm
3
/hr immediately. 

 
Figure 3-11: A sketch showing the maximum allowable opening for flow in ECLIPSE compared 

the core sample area. The sketch is not to the scale. 

The maximum pressure at the injector was increased to 135 atm (1,984 psi). That gave a 

maximum pressure drop of 180 psi. This value was high enough to eliminate the constraint of 
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pressure and to allow the specified injection rate. Using this pressure at the injector, the injection 

rate immediately reached 60 cm
3
/hr while the maximum pressure drop was 86 psi. Figure 3-12 

shows the resulting pressure drop profile compared to the previous case and to the experimental 

data. Despite the high pressure drop in the first hour, the resulting curve generally has similar 

behavior to the experimental data. 

 
Figure 3-12: The pressure drop profile for the Yousef et al. (2011) experiment showing the 

comparison of experimental data to the simulation results for both situations: with pressure 

restriction and with no pressure restriction. 

After matching the injection rate by making changes to the pressure constraint, the 

simulation model was ready for further use. The next step was to match the flow profile by 

modifying the relative permeability curves. 
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3.3.4 Sensitivity of Relative Permeability Parameters 

The effect of each of the unknown four parameters on the relative permeability curves 

and on the flow profile was analyzed. Figure 3-13 and Figure 3-14 show the effect of changing 

kro* in the relative permeability and the flow profile respectively. For the relative permeability 

curves, only the kro is affected and as the kro* decreases, the end point of the kro curve decreases 

and that makes it harder for the oil to flow. This is illustrated in the flow profile where the 

production decreases as kro* decreases. Actually, as kro* goes to a very small value, no oil 

production can be observed. 

 Figure 3-15 and Figure 3-16 show the effect of changing krw* in the relative 

permeability and the flow profile respectively. For the relative permeability curves, only the krw 

is affected and as the krw* decreases, the end point of the krw curve decreases and that makes it 

harder for the water to flow which makes it easier for the oil to flow. This is illustrated in the 

flow profile where the production increases as krw* decreases.  

Figure 3-17 and Figure 3-18 show the effect of changing no in the relative permeability 

and the flow profile respectively. For the relative permeability curves, no affects the curvature of 

kro only. As no value decreases, the kro curve increases by changing more toward a straight line 

and that cause the oil production to increase. One the other hand, as no value increases, the kro 

curve decreases by making its curvature more concave, and that causes the oil production to 

decrease. This is illustrated in the flow profile where the production increases as no approaches 

one and it decreases as no increases to a value of two and three. 

Figure 3-19 and Figure 3-20 show the effect of changing nw in the relative permeability 

and the flow profile respectively. For the relative permeability curves, nw affects the curvature of 
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krw only. As nw value decreases, the krw curve increases by changing more toward a straight line 

and that causes the oil production to decrease. One the other hand, as no value increases, the krw 

curve decreases by making its curvature more concave and that causes the oil production to 

increase. This is illustrated in the flow profile where the production increases as nw gets larger 

and it decreases as nw approaches one. 

 
Figure 3-13: The effect of changing kro* on the relative permeability curves. The end point of kro 

curve decreases as the kro* decreases which decreases the value of kro at any Sw. The krw curve is 

not affected. 
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Figure 3-14: The effect of changing kro* on the flow profile. The production decreases as kro* 

decreases. Actually, no production is observed at a very low kro* value. 

 
Figure 3-15: The effect of changing krw* on the relative permeability curves. The end point of krw 

curve decreases as the krw* decreases which decreases the value of krw at any Sw. The kro curve is 

not affected. 
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Figure 3-16: The effect of changing krw* on the flow profile. The production increases as krw* 

decreases. 

 
Figure 3-17: The effect of changing no on the relative permeability curves. The curvature of kro 

curve increases as the no value becomes greater than one which decreases the value of kro at any 

Sw. The krw curve is not affected. 
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Figure 3-18: The effect of changing no on the flow profile. The production increases as no goes 

closer to one. 

 
Figure 3-19: The effect of changing nw on the relative permeability curves. The curvature of krw 

curve increases as the nw value becomes greater than one which increases the value of krw at any 

Sw. The kro curve is not affected. 



49 

 

 
Figure 3-20: The effect of changing nw on the flow profile. The production decreases as nw goes 

closer to one. 

3.3.5 Matching Flow Profile 

To do the simulation of the flow profile, each run needs to include only two salinities of 

injected water: one as high salinity and the other one as low salinity.  That is because the low 

salinity option in ECLIPSE can only handle two salinities at a time.  

The first step toward matching the flow profile of the experimental data using simulation 

is to achieve a match to the injection of seawater, thus, the model was run for the first 16 hours 

only. This is similar to the run that was used to assess the sensitivity of relative permeability 

parameters. Several combinations of different values for kro*, krw*, no and nw with the known 

values of Swi and Sor, which are 10.44% and 29.5%, were tried until the best fit with the 

experimental data was achieved. The parameters values that made the simulation data best match 

the experimental data are shown in Table 3-8 and the resulting relative permeability curves are 
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shown in Figure 3-21. Figure 3-22 shows the flow production profile for the experimental data 

with the best fit of the simulation data. 

Table 3-8: The relative permeability parameters that made the simulation data match the 

experimental data of Yousef et al. (2011) experiment for injection with seawater. 

Relative Permeability Parameter kro* krw* no nw 

Value 1.0 0.1 1.3 1.3 

The match that was achieved between the experimental and simulation data is decent. 

However, there is a slight difference between the two profiles. Two reasons could have caused 

this difference. One is the common difference between the simulation model, which represents a 

rock with homogenous properties and equal distribution of porosity and permeability, and the 

core sample which cannot be 100% homogenous. The other reason is that the experimental data 

was digitized from a graph which may have affected the accuracy of the experimental data. 

After achieving the match for seawater injection, the next step was to match the injection 

of twice diluted seawater. The way to reach this match was to use the same relative permeability 

parameters of the first match (Table 3-8) and change only the Sor for the injection with twice 

diluted seawater. Thus, Sor was changed to 23.3% which is the Sor for twice diluted seawater in 

the Yousef et al. (2011) experiment as shown in Table 3-5. By decreasing Sor from 29.5% to 

23.3%, the kro shifted upward and the krw shifted downward and that was the expected behavior. 

Figure 3-23 shows the relative permeability curves that were used for twice diluted seawater 

injection compared to the regular seawater injection. 

As it was explained earlier, the injection rate in the simulation model was kept constant 

unlike the experiment where the rate was varied, but the varying rate had no impact on 
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production. To match the experimental data, twice diluted seawater was introduced to the 

simulation model at the time where its effect starts to be observed in the experimental data. That 

is approximately at 26.7 hours as shown in Figure 3-6. The resulting flow profile matched the 

experimental data decently as shown in Figure 3-24. It was concluded from this result that LSWF 

can be simulated by changing only Sor in the Corey type relative permeability curves of the 

HSWF. 

The conclusion stated in the previous paragraph was tested again by simulating the flow 

profiles of 10-times diluted and 20-times diluted seawater injection. Since the low salinity option 

in ECLIPSE can handle only two salinities at a time, only a specified section of the flow profile 

was matched. 

 
Figure 3-21: The relative permeability curves that led to a match between the experimental and 

simulation data of Yousef et al. (2011) experiment for seawater injection. 
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Figure 3-22: The flow profile for seawater injection of Yousef et al. (2011) experiment compared 

to the best fitted results from the simulation run.  

 
Figure 3-23: The relative permeability curves for injection with seawater and with twice diluted 

seawater. As the salinity decreases, the kro curve shifts upward and krw curve shifts downward. 
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Figure 3-24: The comparison between the experimental and the simulated flow profiles for 

seawater injection and twice diluted seawater injection of Yousef et al. (2011) experiment. 

For injection with 10-times diluted seawater, a Corey type relative permeability curve 

was used with the parameters in Table 3-8 and Sor equal to 15.1% which is the Sor for 10-times 

diluted seawater as shown in Table 3-5. The model was first run with twice diluted seawater 

injection for 47.5 hours which is the time where the effect of the 10-times diluted seawater starts 

to be observed as shown in Figure 3-6. Then, the 10-times diluted seawater was injected. The 

resulting flow profile from simulation matched the experimental data decently as shown in 

Figure 3-25. 

For injection with 20-times diluted seawater, a Corey type relative permeability curve 

was used with the parameters in Table 3-8 and an Sor equal to 13.5%, which is the Sor for 20-

times diluted seawater as shown in Table 3-5. The model was first run with 10-times diluted 

seawater injection for 73.2 hours, which is the time where the effect of the 20-times diluted 

seawater starts to be observed as shown in Figure 3-6. Then, the 20-time diluted seawater was 
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injected. The resulting flow profile from simulation matched the experimental data decently as 

shown in Figure 3-26. The experimental data in Figure 3-26 is not smooth and that is due to the 

fact that this data is extracted from a digitization of a graph which has some margin of error 

especially in reading small ranges. 

 
Figure 3-25: The comparison between the experimental and the simulated flow profiles for twice 

diluted and 10-times diluted seawater injection of Yousef et al. (2011) experiment. 

The results from all simulation runs were combined together to form one flow profile 

graph which is shown in Figure 3-27. This graph shows how close the match between the 

simulated results and the experimental data is. All the diluted waterflooding cases matched 

equally well as the seawater case. The simulation results are all about one cm
3
 lower in recovery 

than the experimental data. If seawater case had matched better, then all the diluted cases would 

be better matched, however, the point of this analysis was not to see how well the experimental 

data could be matched, rather the purpose was to determine if changing Sor could be enough to 

model LSWF. 
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Figure 3-26: The comparison between the experimental and the simulated flow profiles for 10-

times diluted and 20-times diluted seawater injection of Yousef et al. (2011) experiment. 

 
Figure 3-27: The comparison between the simulated and the experimental flow profiles of 

Yousef et al. (2011) experiment. 



56 

 

3.3.6 Grid Blocks Sensitivity 

To achieve the match between the experimental and simulation data, a model with six 

cells was used. A grid blocks sensitivity was performed on the model to make sure that the small 

number of grid blocks did not affect the results. Each one of the four cells in the middle was 

divided into 125 equal cells and each one of the two cells in the edges was divided into 25 equal 

cells. This gave a model that has a total of 550 cells with 22 cells in the x-direction, five cells in 

the y-direction and five cells in the z-direction. The new model was run for both seawater and 

twice diluted seawater cases using the same flow restrictions. Figure 3-28 shows the comparison 

between the flow profile results of experimental data, six cells model and 550 cells model. The 

profiles of the two models are almost similar and that confirms the validity of the six cells model. 

 
Figure 3-28: The comparison between the experimental data, six cells model and 550 cells model 

flow profiles for seawater injection and twice diluted seawater injection of Yousef et al. (2011) 

experiment. 
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In this chapter, the relation between the relative permeability curves for HSWF and 

LSWF was identified. If the relative permeability curves can be fitted to the Corey type 

equations, the same relative permeability curves can be used for both HSWF and LSWF by 

changing only one parameter which is the Sor. This conclusion gives a practical approach for 

LSWF simulation.  
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CHAPTER 4  

FIELD SIMULATION 

To evaluate the oil gain from LSWF in a field scale, a real field simulation model was 

used. The conclusion regarding the relation between the relative permeability curves for HSWF 

and LSWF, which was stated in the previous chapter, was applied. This chapter begins with a 

description of the simulation model, then simulation results for different sensitivities analysis are 

illustrated and discussed.  

4.1 Simulation Model Description 

A reservoir model, which was built based on a real carbonate reservoir in the Madison 

formation of Wyoming, was used to evaluate the increase of oil recovery by LSWF at a field 

scale. This model was only used as an example in this study and it is not a recommendation for 

actual development strategy in this field. The description of the model is discussed in this 

section. For simplicity, the abbreviation “WYO" will be used to refer to this reservoir model. 

4.1.1 Structural Model 

The model has 133 cells in the x-direction, 133 cells in the y-direction and 10 cells in the 

z-direction which makes the total number of cells in the model 176,890 cells. Some of these cells 

were inactivated to form the shape of the real reservoir. The model has an anticline shape. Figure 

4-1 shows a 3-dimentinal graph of the model. Also, Figure 4-2 shows a top view of the model 

showing the top depths that increase from the center to the flanks which gives the model the 

anticline shape. 
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Figure 4-1: A side view of a 3-dimentional graph showing the structure of the WYO model. 

 

 
Figure 4-2: A top view of the WYO model showing the top depths which increase from the 

center to the flanks and that give the model an anticline shape. 
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4.1.2 Basic Reservoir Properties 

The WYO model has an average porosity of 11% and an average permeability of 20 md. 

Figure 4-3 and Figure 4-4 show the distribution of the porosity and permeability in the model 

respectively. Figure 4-4 shows only the permeability in x-direction. The same permeability 

values were used for y-direction. For z-direction, the same values also were used but multiplied 

by 0.1 to reduce the permeability in the z-direction. Other basic reservoir properties are 

summarized in Table 4-1. In addition, Figure 4-5 shows the initial pressure in the reservoir and 

Figure 4-6 shows the initial oil saturation in the reservoir. 

 
Figure 4-3: A top view of the WYO model showing the porosity distribution. 
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Figure 4-4: A top view of the WYO model showing the permeability distribution in md. 

Table 4-1: Basic reservoir properties of the WYO model. 

Original oil in place, bbl 345,262,272 

Oil surface density, Ib/ft
3
 51.0 

Water surface density, Ib/ft
3
 65.0 

Dissolved GOR, scf/STB 288 

Bubble point pressure, psi 673 

Oil formation volume factor, bbl/STB 1.325 

Water formation volume factor, bbl/STB 1.000 

Oil viscosity, cp 0.47 

Water viscosity, 0.33 

Rock compressibility, 1/psi 5x10
-6
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Figure 4-5: A top view of the WYO model showing the initial pressure. 

 
Figure 4-6: A top view of the WYO model showing the initial oil saturation. 
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The original well distribution in the model was replaced by a 5-spot pattern well 

distribution. Fourteen injectors and 11 producers were placed with equal distances to form the 5-

spot pattern, and all wells were open to all the 10 layers in the z-direction. All the wells were 

vertical wells. Figure 4-7 shows the distribution of the wells in a GOR map. It is important to 

clarify that this distribution may not be the optimum well spacing for the development of this 

field. However, this distribution was used to maximize the effect of waterflooding to evaluate the 

effect of LSWF. 

 
Figure 4-7: A top view of the WYO model showing the constant GOR and the distribution of the 

injectors and the producers. 

4.1.3 Salinity 

The salinity of the formation water of WYO model is unknown. However, knowing the 

exact salinity value for the formation water is not critical for modeling LSWF. In modeling 

LSWF, the salinity value is needed to tie each relative permeability set to its salinity. For 
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example, if you specify that relative permeability set # 1 is for waterflooding with 11,000 ppm 

TDS salinity water and relative permeability set # 2 is for waterflooding with 5,000 ppm TDS 

salinity water, the model will use the relative permeability set # 1 when an injection with 11,000 

ppm TDS is run and it will use the relative permeability set # 2 when an injection with 5,000 

ppm TDS is run. If the relative permeability sets kept the same and the salinities tied to them 

were changed to 22,000 ppm TDS and 10,000 ppm TDS respectively, the oil and water 

production results will not change. That because the model is not affected by the actual salinity 

values rather the relative permeability curves attached to each salinity value. The only thing 

would change is the salinity distribution in the model and that is relative to salinity values 

inputted by the user. 

For WYO model, the formation water salinity was assumed to be 82,000 ppm TDS. This 

is equivalent to 28.742 lb/STB which is the field unit for salinity that is used in ECLISPE. This 

salinity was considered for HSWF run. Twice, 10-times and 20-times dilutions of this salinity 

were considered for LSWF run. These salinities are 41,000 ppm TDS, 8,200 ppm TDS and 4,100 

ppm TDS respectively. 

The density and viscosity of all the different water salinities are unknown. For simplicity, 

only one set of water density and viscosity was used in the WYO model for all cases. These 

parameters usually have a small impact on the recovery, and using these assumptions should not 

impact the conclusions driven from this study. The density and viscosity values used in this study 

are shown in Table 4-1.  
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4.1.4 Relative Permeability and Capillary Pressure 

A measured relative permeability data is available for WYO model. However, the salinity 

of water that was used for these measurements is unknown. It was assumed that these 

measurements were done using formation water with a salinity of 82,000 ppm TDS, thus, these 

relative permeability curves would be used for running the model with HSWF. In addition, the 

idea was to fit this available relative permeability curves with Corey type equations (3-2) and 

(3-3) to predict the relative permeability curves for LSWF. 

 
Figure 4-8: The relative permeability curves for the WYO model. The graph shows the match 

between the measured and the calculated data. 

The horizontal end points of the relative permeability curves, which are Swi and Sor, were 

given with the measurements and they were 10% and 30.9% respectively. Several iterations with 

the other four parameters of the Corey type equations, which are kro*, krw*, no and nw, were 

performed until a match between the measured data and the calculated data was reached.  Figure 
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4-8 shows the measured and the calculated relative permeability curves. The parameters that 

were used to get this data is shown in Table 4-2. 

After fitting the HSWF relative permeability curves with a Corey type equation, the 

relative permeability curves of LSWF can be calculated by changing just the Sor as concluded 

from Chapter 3. The problem here is how to find the Sor for LSWF. Actually, this by itself could 

be a sensitivity terms for modeling LSWF. As was shown earlier in Chapter 2, several 

coreflooding experiments resulted in different improvements of Sor, which may reach a reduction 

of up to 16%. Reservoir engineers could try different reductions of Sor, i.e. 5%, 10% and 15%, to 

evaluate the oil gain from LSWF. This would give a preliminary overview of the benefit of 

LSWF in a certain field. These reductions in Sor values could be discovered later by coreflooding 

experiments of that particular field. 

For this research, since the Yousef et al. (2011) experiment was used to achieve the 

conclusion of Chapter 3, which is that LSWF can be modeled by changing only the Sor in the 

relative permeability equations, the results of the same experiment was used to predict the Sor 

change for LSWF in the WYO model. In the Yousef et al. (2011) experiment, two sets of cores 

were used and they exhibited almost a parallel reduction profile of Sor with each dilution stage of 

high salinity water. The Sor reduction profiles of the Yousef et al. (2011) experiment were used 

to graphically create a parallel Sor reduction profile for the WYO model relative permeability 

curves. Figure 4-9 shows the reduction profile of the WYO model relative permeability curves, 

which starts from the given Sor value of 30.9%, and that curve is compared to the reduction 

profiles of the Yousef et al. (2011) experiment. The values of Sor that were used to calculated the 

relative permeability curves for different dilution stages of high salinity water of the WYO 

model are shown in  
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Table 4-2: The relative permeability parameters that made the calculated relative permeability 

curves matched the measured relative permeability curves of WYO model. 

Relative Permeability Parameter Swi Sor kro* krw* no nw 

Value 0.100 0.309 0.663 0.282 2.90 1.12 

 

 

 
Figure 4-9: Sor reduction profile of the two cores sets of Yousef et al. (2011) experiment 

compared to the reduction profile used for the WYO model relative permeability curves. 

Three oil-water capillary pressure data points were available. These were 15.8 psi at Sw 

equal to 10%, 1.72 psi at Sw equal to 54.3% and zero psi at Sw equal 69.1%. These values were 

entered in ECLIPSE and the rest of the oil-water capillary pressure values were defaulted. Thus, 

ECLISPE would calculate these values during each run. 
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Table 4-3: The four waterflooding types that were run in the WYO model with the salinity value 

and the Sor value used for the relative permeability curves for each type. 

Waterflooding Type 

Salinity,   

ppm TDS 

Salinity, 

lb/STB 

Sor Value Used for Relative 

Permeability Curves 

HSWF 82,000 28,742 30.9 % 

Twice Diluted LSWF 41,000 14,371 24.4 % 

10-Times Diluted LSWF 8,200 2,874 15.8 % 

20-Times Diluted LSWF 4,100 1,437 14.2 % 

4.1.5 Flow Restrictions 

The 11 producers were set open from time zero and the target oil rate for all of them was 

1,600 STB/day. The minimum bottom hole pressure limit for the producers was set to 800 psi. 

This was chosen to prevent the pressure in the reservoir from falling below the bubble point 

pressure which is 673 psi. That keeps the gas dissolved in the oil and eliminates any gas 

movement inside the reservoir.  

The 14 injectors were set open from time zero with no injection rate specified. The 

injection rate was restricted in all the wells with a maximum bottom hole pressure limit of 6000 

psi. This would be approximately the fracture pressure give a fracture gradient of 1.0 psi/ft. This 

pressure also represents the maximum pressure in the PVT table. A copy of the simulation model 

for twice diluted LSWF case of the WYO model is shown in Appendix B. 
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4.2 Sensitivity Analysis Results and Discussion 

In this section, the results of five different simulation cases are illustrated. These five 

cases are simulation with HSWF, twice diluted LSWF, 10-time diluted LSWF, 20-times diluted 

LSWF and HSWF followed by 20-times diluted LSWF. In all five cases, the distribution of oil 

saturation, pressure and salt concentration are shown. In addition, the production and injection 

rates and flow profiles for 30 years are illustrated. At the end, the comparison between the five 

cases is discussed. 

4.2.1 HSWF Case 

The WYO model was run using HSWF from time zero to 30 years. Figure 4-10 shows 

the oil and water production and water injection profiles of the WYO model for the HSWF case. 

The oil production and water injection increases right away from time zero while the water 

production took some time before it started to increase rapidly. This was due to the time needed 

for the injection water to reach the production wells. The injection and production rates are 

shown in Figure 4-11. The oil production rate had a plateau for almost eight year before it started 

to drop sharply. The water injection rate had a big jump at the beginning then it stabilized for 

few months before it started to increase again. 

The distributions of oil saturation, pressure and salt concentration after 30 years of 

production are shown in Figure 4-12, Figure 4-13 and Figure 4-14 respectively. The oil 

saturation decreased rapidly in the locations of the injection wells and the pressure dropped in 

most of the areas in the reservoir. The salt concentration stayed constant since water with the 

same salinity as the formation water was injected. 
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Figure 4-10: The oil and water production and water injection profiles of the WYO model for the 

HSWF case. 

 
Figure 4-11: The oil and water production and water injection rates of the WYO model for the 

HSWF case. 
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Figure 4-12: A top view of the WYO model showing the oil saturation after 30 years for the 

HSWF case. 

 
Figure 4-13: A top view of the WYO model showing the pressure after 30 years for the HSWF 

case. 
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Figure 4-14: A top view of the WYO model showing the salt concentration after 30 years for the 

HSWF case. 

4.2.2 Twice Diluted LSWF Case 

The WYO model was run using twice diluted LSWF from time zero to 30 years. Figure 

4-15 shows the oil water production and water injection profiles of the WYO model for the twice 

diluted LSWF. The injection and production rates are shown in Figure 4-16. These graphs have 

similar shapes to the graphs of the previous case with a slight increase. The distributions of oil 

saturation, pressure and salt concentration after 30 years of production are shown in Figure 4-17, 

Figure 4-18 and Figure 4-19 respectively. An increase in the blue color is observed in the oil 

saturation distribution which indicates an improvement of the oil sweep due to LSWF. The 

pressure distribution did not have a major change compared to the previous case. Moreover, the 

salt concentration changed around the injection well due to LSWF. 
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Figure 4-15: The oil and water production and water injection profiles of the WYO model for the 

twice diluted LSWF case. 

 
Figure 4-16: The oil and water production and water injection rates of the WYO model for the 

twice diluted LSWF case. 
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Figure 4-17: A top view of the WYO model showing the oil saturation after 30 years for the 

twice diluted LSWF case. 

 

 
Figure 4-18: A top view of the WYO model showing the pressure after 30 years for the twice 

diluted LSWF case. 
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Figure 4-19: A top view of the WYO model showing the salt concentration after 30 years for the 

twice diluted LSWF case. 

4.2.3 Ten-Times Diluted LSWF Case 

The WYO model was run using 10-times diluted LSWF from time zero to 30 years. 

Figure 4-20 shows the oil water production and water injection profiles of the WYO model for 

the 10-times diluted LSWF. The injection and production rates are shown in Figure 4-21. These 

graphs have similar shapes to the graphs of the previous case with a slight increase. The 

distributions of oil saturation, pressure and salt concentration after 30 years of production are 

shown in Figure 4-22, Figure 4-23 and Figure 4-24 respectively. A darker blue color is observed 

in the oil saturation distribution which indicates an improvement of the oil sweep due the 

injection of water with a lower salinity. The pressure distribution did not have a major change 

compared to the previous case. A major contrast in the distribution of the salt concentration is 

observed due to the injection of water with very low salinity compared to the original salinity in 

the formation. 
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Figure 4-20: The oil and water production and water injection profiles of the WYO model for the 

10-times diluted LSWF Case. 

 
Figure 4-21: The oil and water production and water injection rates of the WYO model for the 

10-times diluted LSWF Case. 
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Figure 4-22: A top view of the WYO model showing the oil saturation after 30 years for the 10-

times diluted LSWF Case. 

 
Figure 4-23: A top view of the WYO model showing the pressure after 30 years for the 10-times 

diluted LSWF Case. 
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Figure 4-24: A top view of the WYO model showing the salt concentration after 30 years for the 

10-times diluted LSWF Case. 

4.2.4 Twenty-Times Diluted LSWF Case 

The WYO model was run using 20-times diluted LSWF from time zero to 30 years. 

Figure 4-25 shows the oil water production and water injection profiles of the WYO model for 

the 20-times diluted LSWF. The injection and production rates are shown in Figure 4-26. These 

graphs have similar shapes to the graphs of the previous case with a very slight increase. The 

distributions of oil saturation, pressure and salt concentration after 30 years of production are 

shown in Figure 4-27, Figure 4-28 and Figure 4-29 respectively. The distributions did not change 

much compared to the previous case. 
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Figure 4-25: The oil and water production and water injection profiles of the WYO model for the 

20-times diluted LSWF case. 

 
Figure 4-26: The oil and water production and water injection rates of the WYO model for the 

20-times diluted LSWF case. 
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Figure 4-27: A top view of the WYO model showing the oil saturation after 30 years for the 20-

times diluted LSWF case. 

 
Figure 4-28: A top view of the WYO model showing the pressure after 30 years for the 20-times 

diluted LSWF case. 
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Figure 4-29: A top view of the WYO model showing the salt concentration after 30 years for the 

20-times diluted LSWF case. 

4.2.5 HSWF Followed by 20-Times Diluted LSWF Case 

The WYO model was run using HSWF from time zero to 15 years. Then, it was switched 

to a 20-times diluted LSWF for another 15 years. Figure 4-30 shows the oil water production and 

water injection profiles of the WYO model for the HSWF followed by 20-times diluted LSWF. 

The graphs have similar shapes to the graphs of the previous cases. The injection and production 

rates are shown in Figure 4-31. An important observation point in this graph is at year 15 when 

all the rates were disturbed due to the introduction of low salinity water. The distributions of oil 

saturation, pressure and salt concentration after 30 years of production are shown in Figure 4-32, 

Figure 4-33 and Figure 4-34 respectively. The distributions did not change much compared to 

the previous two cases. 
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Figure 4-30: The oil and water production and water injection profiles of the WYO model for the 

HSWF followed by 20-times diluted LSWF case. 

 
Figure 4-31: The oil and water production and water injection rates of the WYO model for the 

HSWF followed by 20-times diluted LSWF case. 
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Figure 4-32: A top view of the WYO model showing the oil saturation after 30 years for the 

HSWF followed by 20-times diluted LSWF case. 

 
Figure 4-33: A top view of the WYO model showing the pressure after 30 years for the HSWF 

followed by 20-times diluted LSWF case. 
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Figure 4-34: A top view of the WYO model showing the salt concentration after 30 years for the 

HSWF followed by 20-times diluted LSWF case. 

4.2.6 Comparison Between the Five Flowing Cases 

The cumulative oil production, water production, water injection and gas production for 

all five flowing cases of the WYO model are shown in Figure 4-35, Figure 4-36, Figure 4-37 and 

Figure 4-38, respectively. Generally, the oil and gas production increased as the salinity of the 

injected water decreased while the water production and injection decreased as the salinity of the 

injected water decreased. The HSWF followed by 20-times diluted LSWF produced an oil 

cumulative volume greater than the twice diluted LSWF case and less than the 10-times diluted 

LSWF case.  

The oil production rates, water production rates and water injection rates for all the five 

flowing cases of WYO model are shown in Figure 4-39, Figure 4-40 and Figure 4-41, 

respectively. Generally, the oil production rate increased as the salinity of the injected water 
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decreased while the water production and injection rates decreased as the salinity of the injected 

water decreased. An important observation point in these figures is in the rates of the HSWF 

followed by 20-times diluted LSWF case. The rates of this case changed significantly at year 15 

when the salinity of the injected water was reduced. 

The production and injection results for all five cases of running the WYO model for 30 

years are summarized in Table 4-4. The simulation cases showed an improvement of oil recovery 

as the salinity of the injected water decreases. The oil recovery increased by more than 5% when 

the injected water was diluted 20 times. This oil recovery improvement is coupled with a 

reduction in the water production and injection. This shows that LSWF will give a better sweep 

in the reservoir.  

 

 
Figure 4-35: Cumulative oil production of the WYO model for the five flowing cases. Generally, 

the graph shows that the oil production increases as the injection water salinity decreases. 
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Figure 4-36: Cumulative water production of the WYO model for the five flowing cases. 

Generally, the graph shows that the water production decreases as the injection water salinity 

decreases. 

 
Figure 4-37: Cumulative water injection of the WYO model for the five flowing cases. 

Generally, the graph shows that the water injection decreases as the injection water salinity 

decreases. 
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Figure 4-38: Cumulative gas production of the WYO model for the five flowing cases. 

Generally, the graph shows that the gas production increases as the injection water salinity 

decreases. 

 
Figure 4-39: Oil production rates of the WYO model for the five flowing cases. Generally, the 

graph shows that the oil production rate increases as the injection water salinity decreases. 
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Figure 4-40: Water production rates of the WYO model for the five flowing cases. Generally, the 

graph shows that the water production rate decreases as the injection water salinity decreases. 

 
Figure 4-41: Water injection rates of the WYO model for the five flowing cases. Generally, the 

graph shows that the water injection rate decreases as the injection water salinity decreases. 



89 

 

Table 4-4: A summary of the simulation results for all the five cases of running the WYO model 

for 30 years. 

Case 

Oil 

Production, 

STB*10
3
 

Gas 

Production, 

MSCF*10
3
 

Water 

Production, 

STB*10
3
 

Water 

Injection, 

STB*10
3
 

Oil 

Recovery, 

% of OOIP 

HSWF 108,355 31,206 267,141 374,741 41.58 % 

Twice Diluted LSWF 114,284 32,914 243,234 357,596 43.86 % 

10-Times Diluted LSWF 121,241 34,917 212,195 334,695 46.53 % 

20-Times Diluted LSWF 122,447 35,265 206,472 330,430 46.99 % 

HSWF followed by 20-

Times Diluted LSWF 

116,882 33,662 232,824 350,675 44.86 % 
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CHAPTER 5  

ECONOMIC EVALUATION 

The economic evaluation of any IOR development strategy is a crucial factor for the 

success of the development strategy. Having the technical ability to increase the oil recovery by 

an IOR method is not enough to implement it. The economic feasibility of that method has to be 

studied before implementation. In this chapter, the economic factors affecting LSWF are 

discussed. Also, an economic evaluation for the WYO model, which was studied in Chapter 4, is 

illustrated as an example. Finally, sensitivity analysis of the economic parameters that affect 

LSWF is showed.  

5.1 Economic Parameters 

The economic evaluation for reservoir development using the LSWF is affected by the 

main two parameters that affect the development of any oil reservoir. These parameters are oil 

prices and upstream cost, which include finding cost and lifting cost. There is an additional 

parameter that affects the economic evaluation of LSWF which is the water desalination cost. 

The economic parameters are not constant and they may change based on time and location. It is 

the job of petroleum economists to try to carefully estimate these parameters based on available 

information in order to do the economic evaluation of any reservoir development project. In this 

section, an estimation of these parameters is illustrated.  

5.1.1 Oil and Gas Production 

The first parameter that affects the oil reservoir development economics is the oil prices. 

Oil prices have changed drastically during the last three decades. Figure 5-1 shows the oil price 

history for Cushing Oklahoma and West Texas Intermediate (WTI) over a 28 year period. The 
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prices ranged from $11.35 per barrel to $133.88 per barrel. Generally, the prices stayed above 

50.00 $ per barrel in the last 10 years. The prices were affected by different factors that could not 

be predicted. In this study, a constant value of $100.00 per barrel was used as a fixed price for 

oil, which is close to the average value in the last few years as shown in Figure 5-1. 

 
Figure 5-1: Cushing Oklahoma and West Texas Intermediate oil prices from 1986 to 2013. FOB 

means “free on board” which means that the price does not include the shipment price (U.S. 

Energy Information Adminstration, 2014b). 

Since there is gas production associated with the oil production, the price of this gas has 

to be taken in consideration during the economic evaluation. Figure 5-2 shows prices for natural 

gas in a 37 year period. Similar to oil prices, the gas prices changed drastically. The gas prices 

ranged from $10.79 per 1,000 ft
3
 to $0.54 per 1,000 ft

3
. Generally, the prices stayed above 2.50 $ 

per 1,000 ft
3
 in the last 10 years. In this study, a constant value of $3.00 per 1,000 ft

3
 was used as 

a fixed price for natural gas, which is close to the average value in the last few years as shown in 

Figure 5-2. 
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Figure 5-2: U.S. natural gas wellhead prices in from 1976 to 2012 (U.S. Energy Information 

Adminstration, 2014c). 

Table 5-1: Costs of producing crude oil in the U.S. for 2007-2009 period per barrel of oil 

equivalent (BOE) (U.S. Energy Information Adminstration, 2014a). 

Location 
Finding Cost, 

per BOE 

Lifting Cost, 

per BOE 

Total Upstream Cost, 

per BOE 

On-Shore $18.65 $12.73 $31.38 

Off-Shore $41.51 $10.09 $51.60 

The second parameter that affects oil reservoir development economics is the upstream 

cost. This includes the finding and the lifting cost. The finding cost includes all the costs needed 

for equipment, facilities and personnel to acquire, explore and develop oil and gas reserves. The 

lifting cost includes all the costs for equipment, facilities and personnel to operate and maintain 

oil and gas wells (U.S. Energy Information Adminstration, 2014a). The average costs of 
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producing crude oil in the United States for the period from 2007 to 2009 are shown in Table 

5-1. These values were used in this study. 

5.1.2 Water Desalination 

The extra parameter that is needed for the economic evaluation of LSWF is the water 

desalination cost, which includes plant construction cost and operating cost. This is needed 

because having a low salinity water source is not available in all locations, thus, high salinity 

water from the sea or the formation water needs to be desalinated to be injected for the LSWF 

process.  

The water desalination cost cannot be exactly determined. That is because the 

construction and operation of a water desalination plant may be affected by different factors 

depending on the time and location. Some published costs of desalination plants can be used to 

estimate approximate values to carry on the economic evaluation for the LSWF. In this study, 

water desalination costs, which is shown in Table 5-2, for four water desalination projects in the 

United States, was used to come up with a fair estimation of water desalination cost. All of these 

values were estimated in the planning stage of these projects (Cooley et al., 2006; Karnhold, 

2008; Eckhardt, 2014). As shown in Table 5-2, an average value of $196.30 per STB of water in 

capacity could be used to estimate the construction cost of a water desalination plant for any 

needed capacity. An average value of $0.099 per STB of water produced could be used to 

estimate the operating cost of a water desalination plant. A safety factor could be added to these 

values for a pessimistic economic evaluation.  

Table 5-2: The planned costs for four water desalination projects in the U.S. (Cooley et al., 2006; 

Karnhold, 2008; Eckhardt, 2014). 
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Plant City Year 

Construction 

Cost, 

million $ 

Plant 

Capacity, 

STB/day 

Construction 

Cost per 

STB/day of 

Capacity, $ 

Operating 

Cost, $/STB 

Santa Barbara, CA 1991 34 157,245 216.22 0.193 

Tampa Bay, FL 1999 110 597,532 184.09 0.087 

El Paso, TX 2007 87 654,762 132.87 0.069 

Carlsbad, CA 2007 300 1,190,476 252.00 0.046 

   Average 196.30 0.099 

 

5.2 Economic Evaluation Results and Discussion 

As an application of the economic evaluation of LSWF, the economic evaluation results 

for WYO model are shown in this section. To do the comparison between the five simulation 

cases that were tested in Chapter 4, the net present value (NPV) was used. Equation (5-1) 

(Stermole and Stermole, 2012) is the basic equation of NPV: 

     ∑
   

(   ) 

 

   

  (5-1) 

Where “t” is the project’s life time, “n” is time in years, “CFn” is the cash flow at time n and “i” 

is the interest rate. 
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To calculate the CF in each year for each case of the WYO model, Equation (5-2) was 

used. Oil and gas revenue was calculated by multiplying the oil and gas prices by the cumulative 

production volume of oil and gas respectively for each year. The upstream cost was calculated by 

multiplying the upstream cost per BOE by the cumulative production volume of oil for each 

year. The injected water desalination cost was calculated by multiplying the desalination plant 

operating cost by the cumulative volume of water injected for each year. In addition, the water 

desalination plant construction cost was subtracted from the CF of the first year for the first four 

flowing cases and from the CF of the 15
th

 year for the last flowing case.  

                                         

                                  
(5-2) 

To calculate the construction cost of the water desalination plant for the WYO model, the 

average value of $196.30 per STB/day of capacity, which is shown in Table 5-2, was multiplied 

by the maximum injection rate of low salinity water needed. This rate is approximately 53,000 

STB/day as shown in Figure 4-41. The multiplication resulted in a construction cost of $10.4 

million. For a more pessimistic economic evaluation, the construction cost was almost doubled. 

A cost of $20 million was used for the plant construction. Similarly, a value of $0.2 per STB was 

used for the plant operating cost which is double the average value shown in Table 5-2. The 

economic parameters that were used for the economic evaluation of the WYO model are shown 

in Table 5-3. An interest rate of 10% was assumed for this study with no inflation. Also, the 

analysis was assumed to be calculated for the “before tax cash flow” situation.  

Table 5-3: The economic parameters that were used for the evaluation of the WYO model. 
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Oil Price $100.00 per STB 

Gas Price $3.00 per MSCF 

Upstream Cost $31.38 per STB 

Water Desalination Plant Construction Cost $20,000,000 

Water Desalination Plant Operating Cost $0.2 per STB of Water 

Interest Rate 10% 

 

5.2.1 The Five Simulation Cases of WYO Model 

Figure 5-3 shows a comparison between the NPVs for all the five cases. The exact NPVs 

for each case are shown in Table 5-4. Generally, the NPVs increase as the salinity of the injected 

water decreases. A major increase in the NPVs is observed as the salinity of the injected water 

changes from a very high value to a lower value as shown in Figure 5-3 where there was a major 

increase in NPV between the HSWF case and the twice diluted LSWF case and between the 

twice diluted LSWF case and the 10-times diluted LSWF case. As the salinity of the injected 

water changes from an already low salinity to a lower value, the change in the NPV is not big as 

shown in Figure 5-3 where there was only a slight change in NPV between the 10-times diluted 

LSWF case and the 20-times diluted LSWF case. Moreover, the NPV increased by almost a 

billion dollar when comparing the HSWF case with the most diluted injection water which is the 

20-times diluted LSWF case. In addition, Figure 5-3 shows that there is no economic benefit of 
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delaying the LSWF for few years as we can see for the HSWF followed by 20-Times Diluted 

LSWF case where the resulted NPV was less than the NPV for the twice diluted LSWF case. 

 
Figure 5-3: A comparison between the NPVs for all the five flowing cases of the WYO model. 

Table 5-4: The NPVs for the five simulation cases of the WYO model. 

Case NPV (billion $) 

HSWF 28.180 

Twice Diluted LSWF 28.500 

10-Times Diluted LSWF 29.022 

20-Times Diluted LSWF 29.108 

HSWF Followed by 20-Times Diluted LSWF 28.320 
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5.2.2 LSWF Profit 

To emphasize more on the benefit of LSWF, the profit from the extreme case, which is 

the 20-Times Diluted LSWF case, was investigated.  Basically LSWF will increase the recovery 

from the reservoir and that will increase the revenue from selling the extra oil and its associated 

gas. The cost for that increase in the recovery is the cost of desalinating the injected water. 

Figure 5-4 shows a comparison between the oil gain profit and the water desalination cost of the 

WYO model. The oil gain profit includes the revenue from selling the extra oil and its associated 

gas minus the upstream cost of this extra oil while the water desalination cost includes the 

construction and operating cost of the water desalination plant. The cost of water desalination 

represents only about 14% of the profit from the gained oil as shown in Figure 5-4. This result 

shows that water desalination cost is not an issue for implanting LSWF. The exact NPVs of the 

oil gain profit and water desalination cost are shown in Table 5-5. 

 
Figure 5-4: The comparison between the NPVs of the oil gain profit and the water desalination 

cost of the WYO model for the 20-Times Diluted LSWF case. 
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Table 5-5: The NPVs for the oil gain profit and the water desalination cost of the WYO model 

for the 20-Times Diluted LSWF case. 

Profit and Cost NPV (billion $) 

Oil Gain Profit 1.076 

Water Desalination Cost 0.149 

Since most of the oil fields around the world have been flooded with high salinity water 

for some time, reservoir engineers want to evaluate the profit of LSWF if implemented in fields 

that have been flooded with high salinity water for a period of time. To do this evaluation, a 

comparison between the HSWF case and the HSWF followed by 20-times diluted LSWF case 

was performed. The year 15 was considered as time zero. A comparison between the oil gain 

profit and the water desalination cost of the HSWF followed by 20-times diluted case for the 15 

years of production, which was originally from year 16 to year 30, is shown in Figure 5-5. The 

water desalination cost represents only about 28% of the profit from the gained oil. The exact 

NPVs of the oil gain and water desalination cost are shown in Table 5-6. This results shows that 

the LSWF is profitable even if it is implemented in a later stage after a period of HSWF.  

Table 5-6: The NPVs for the oil gain profit and the water desalination cost of the WYO model 

for the HSWF followed by 20-times diluted case when year 15 was considerd as year zero. 

Profit and Cost NPV (billion $) 

Oil Gain Profit 1.180 

Water Desalination Cost 0.334 
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Figure 5-5: The comparison between the NPVs of the oil gain profit and the water desalination 

cost of the WYO model for the HSWF followed by 20-times diluted case when year 15 was 

considerd as year zero. 

5.3 Sensitivity Analysis of Economic Parameters 

Since the parameters used for the economic evaluation were not exact and were estimated 

based on the best available information, a sensitivity analysis needs to be done on these 

parameters. The tornado diagram was used to do the sensitivity analysis. The sensitivity analysis 

was done on the 20-times diluted LSWF case of the WYO model. 

For building a tornado diagram, each parameter has to have three values: low, base and 

high. The base values for all parameters were chosen to be the exact value that was used for the 

economic evaluation and shown in Table 5-3. A decrease of 25% of the base value was chosen to 

be the low value for each parameter and an increase of 25% of the base value was chosen to be 

the high value. The low, base and high values for all parameters are shown in Table 5-7. 
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Table 5-7: The low, base and high values of the parameters of the economic evaluation that was 

chosen for the sensitivity analysis. 

Parameter Low Base High 

Oil Price $75.00 per STB $100.00 per STB $125.00 per STB 

Gas Price $2.25 per MSCF $3.00 per MSCF $3.75 per MSCF 

Upstream Cost $23.535 per STB $31.38 per STB $39.225 per STB 

Water Desalination Plant Construction Cost $15,000,000 $20,000,000 $25,000,000 

Water Desalination Plant Operating Cost 

$0.15 per STB 

of Water 

$0.2 per STB of 

Water 

$0.25 per STB 

of Water 

Interest Rate 7.5 % 10 % 12.5 % 

The NPV for the 20-time diluted LSWF case of the WYO model was recalculated for all 

the low, base and high values of the economic parameters. To calculate the new NPV, only the 

value of each parameter was changed and the values of all other parameters were kept as base 

values. For example, to calculate the value of NPV for low oil price value, the value of oil price 

was changed to $75.00 per STB and the values of the rest of the four parameters were kept as the 

base values. The resulting NPVs are shown in Table 5-8. 

The values in Table 5-8 were sorted based on the parameter that has the largest range, 

and were plotted to form the tornado diagram that is shown in Figure 5-6. The diagram shows 

that the oil price has the largest impact on the NPV followed by the value of the interest rate. The 

construction and operating cost of the water desalination plant has very small effect on the NPV. 
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Table 5-8: The resulted NPVs for all the low, base and high values of the parameters of the 

economic evaluation for the 20-times diluted case of the WYO model. 

Parameter 
Low NPV 

(billion $) 

Base NPV 

(billion $) 

High NPV 

(billion $) 

Oil Price 18.581 29.107 39.634 

Gas Price 29.016 29.107 29.198 

Upstream Cost 32.410 29.107 25.804 

Water Desalination Plant Construction Cost 29.112 29.107 29.102 

Water Desalination Plant Operating Cost 29.139 29.107 29.075 

Interest Rate 41.102 29.107 21.382 

 

 
Figure 5-6: The tornado diagram that shows the sensitivity of the parameters of the economic 

evaluation 
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CHAPTER 6  

CONCLUSIONS AND RECOMMENDATIONS 

Improving oil recovery by LSWF has gained a lot of attention in the last two decades. 

The effect of LSWF was approved by coreflooding experiments in several core samples from 

sandstone and carbonate reservoirs around the world. In addition, this effect has been shown in 

the field by some single well field trials. 

This research was an evaluation of LSWF in carbonate using simulation and economics. 

The main objective of this research was evaluating LSWF in a field scale. The three aspects that 

were studied to achieve the objective were finding the relation between the relative permeability 

curves of HSWF and LSWF, evaluating the oil gain from LSWF and evaluating the LSWF 

economically. In this chapter, the final conclusions of this research are stated. The benefit of this 

research and the recommendations for future work in this area are discussed. 

6.1 Research Conclusions 

The first conclusion of this research is that the relative permeability curves for the LSWF 

can be estimated by changing only one parameter in the Corey type equations for the relative 

permeability curves of the HSWF. This parameter is the Sor. If the measured relative 

permeability curves for the HSWF are available for a certain reservoir, this is enough 

information to do a preliminary simulation study on the benefit of using LSWF in that reservoir. 

The second conclusion is that using LSWF could increase the recovery by more than 5% 

in a field scale. This was concluded from a direct comparison between a HSWF case and a 

LSWF case with the same flowing restrictions and well spacing. This percentage might be 



104 

 

increased by optimizing the well spacing and targeting permeable zones by using horizontal 

wells. 

The third conclusion is that the water desalination cost for implementing LSWF is very 

small when compared with the revenue that will be generated from increasing the oil recovery. 

Developing a reservoir by LSWF could increase the NPV by about 3.3% compared to a 

development by HSWF. 

6.2 Research Benefit 

This research provides a practical approach to evaluate the effect of LSWF on certain 

fields using simulation. It provides a screening tool to quickly evaluate the oil gain from the 

LSWF before spending money on core samples testing for further research. For example, if a 

reservoir engineer wants to evaluate the benefit of implementing LSWF in Reservoir A. If 

Reservoir A has a measured relative permeability curves for HSWF, he can fit these curves with 

Corey type equations. Then, he can start to do some simulation cases for the reservoir by using 

different values of Sor in the relative permeability equations. If the results show a promising 

benefit from LSWF in that field, he then can request coreflooding tests of samples from 

Reservoir A for further evaluation of LSWF. If measured relative permeability curves are not 

available for Reservoir A, relative permeability curves from another reservoir with similar 

properties can be used for this screening tool. 

6.3 Recommendations for Future Work 

The first recommendation for future work in this research area is repeating the work that 

was done in this research for a sandstone reservoir. Complete coreflooding results for sandstone 
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samples need to be available. A reservoir model for a sandstone reservoir needs to be built in 

order to evaluate the LSWF in a field scale. 

The second recommendation, which might be more complicated, is to come up with a 

stronger relation to relate the relative permeability curves of the HSWF with the relative 

permeability curves of the LSWF. This could be done by collecting different core samples from 

reservoirs with different properties, then, measuring the relative permeability curves for all the 

samples in the lab by using high salinity water then low salinity water, after that, comparing all 

the results to find a common correlation between the relative permeability curves for HSWF and 

the relative permeability curves for LSWF. This study could be done for either sandstone cores 

or carbonate cores. 

The third recommendation is to evaluate the effect of rock properties and fluid properties 

on the LSWF. There are some evidences from the literature, which were discussed in Chapter 2, 

show that the clay content and the polarity of oil may play a role in the effectiveness of LSWF. 

This is still a possible area of research. The evaluation could be done using coreflooding 

experiment followed by simulation of results. The simulation model that going to be used needs 

to be more complicated than black-oil model to capture the effect of the different properties. This 

could be done by using compositional simulation models coupled with other models that capture 

the effect of rock properties like clay content.  
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NOMENCLATURE 

3-D  = Three Dimensional 

atm  = atmosphere 

Ca
2+

  = calcium ion 

CF  = Cash Flow 

cm
3
  = cubic centimeter 

CO2  = carbone dioxide 

EDL  = Electric Double Layer 

hr  = hour 

HSWF  = High Salinity Waterflooding 

IFT  = Interfacial Tension 

lb  = pound 

LSWF  = Low Salinity Waterflooding 

md  = milli-Darcy 

Mg
2+

  = magnesium ion 

Min  = minute 

NaCl  = sodium chloride 
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NMR  = Nuclear Magnetic Resonance 

NPV  = Net Present Value 

OOIC  = Original Oil in Core 

OOIP  = Original Oil in Place 

ppm  = part per million 

psi  = pound per squared inch 

PV  = Pore Volume 

Sor  = residual oil saturation 

Sorw  = residual oil saturation for waterflooding 

STB  = stock tank barrel 

SWCTT = Single Well Chemical Tracer Test 

Swi  = initial water saturation 

TDS  = Total Dissolved Solid 

WYO  = Wyoming Model 
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APPENDIX A 

The Data file for simulation of Yousef et al. (2011) experiment: 

--*********************NEW RUNSPEC SECTION********************** 

RUNSPEC 

TITLE 
BASE CASE: 

  

DIMENS 
  133   133   10  / 

  

OIL 
WATER 

GAS 

DISGAS 
 

FIELD 

 
TABDIMS 

    2    1   25   25    1    1 / 

  
WELLDIMS 

    80   20    1    80 / 

 
LOWSALT 

  
START 

   31 'DEC' 2012  / 

 
NSTACK 

35 / 

  
UNIFOUT 

 

--FMTOUT 
  

--================================================================ 

GRID     
INIT 

  

  
DX 

176890*100 / 

  
DY 

176890*100 / 

  
INCLUDE  

Netpay.dat / 

 
 

INCLUDE 

ACTNUM.dat / 

 

  

INCLUDE 
Tops.dat / 

 

----------------------------------------- 
----------------------------------------- 

 

INCLUDE 
pnp.dat / 
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COPY  
     'PERMX' 'PERMY' / 

     'PERMX' 'PERMZ' / 

/  
 

MULTIPLY  

 PERMZ .1 / 
/ 

 

 
 

 

--=============================================================== 
 

DEBUG 

15* -2/ 
 

PROPS 

  

-- Sw Krw Kro Pc 

SWOF 

-- High Salinity (82 kppm) 
0.100 0  0.663  15.81  

0.130 0.010010296 0.5700358 1*  

0.159 0.021351352 0.488712635 1*  
0.189 0.033836695 0.413000534 1*  

0.218 0.046406517 0.347541877 1*  
0.248 0.059808685 0.287395947 1*  

0.277 0.073080446 0.236162438 1*  

0.307 0.08708792 0.189876136 1*  
0.336 0.100863161 0.151207056 1*  

0.366 0.11532901 0.117050044 1*  

0.395 0.129500602 0.089259777 1*  
0.425 0.144337937 0.065473654 1*  

0.455 0.15934076 0.046275875 1*  

0.484 0.173989124 0.031639079 1*  
0.514 0.189282957 0.020092423 1*  

0.543 0.204194153 0.011958282 1.72  

0.573 0.219743282 0.006199657 1*  
0.602 0.234887169 0.002736156 1*  

0.632 0.250664111 0.000830578 1*  

0.661 0.266017088 0.000116832 1*  
0.691 0.282  0  0 /  

 

 
 

-- Low Salinity (41 kppm) 

0.100 0 0.663 15.81  
0.130 0.008906203 0.578839235 1*  

0.159 0.018996389 0.5044498 1*  

0.189 0.030104652 0.434393447 1*  
0.218 0.041288077 0.373044803 1*  

0.248 0.053212043 0.315861839 1*  

0.277 0.065019985 0.266357778 1*  
0.307 0.077482495 0.220803922 1*  

0.336 0.089738385 0.181934615 1*  

0.366 0.102608713 0.146750556 1*  

0.395 0.11521724 0.117290619 1*  

0.425 0.12841808 0.091199735 1*  

0.455 0.141766156 0.06923652 1*  
0.484 0.154798868 0.051610993 1*  

0.514 0.168405856 0.036775362 1*  

0.543 0.181672412 0.025397633 1.72  
0.573 0.195506538 0.016353117 1*  

0.602 0.208980119 0.009915223 1*  

0.632 0.223016932 0.005289508 1*  
0.661 0.236676541 0.002442817 1*  

0.691 0.250896606 0.00081272 0  

0.756 0.282 0 1* / 
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-- Sgi Krg Kro Pcgo 
SGOF 

00.0  0.000 0.663  0 

0.20 0.025 0.370 0 
0.30 0.075 0.190 0 

0.40 0.100 0.100 0 

0.50 0.150 0.075 0 
0.60 0.240 0.025 0 

0.70 0.450 0.000 0 

0.80 0.600 0.000 0 / 
/ 

 

PVTWSALT 
3000.0 28.742 / 

 

0.0 1.0 0.000 0.33 0 
28.742 1.0 0.000 0.33 0 / 

 

PVTO 

--Rs  Pbub    Bo    Vo 

0.0    14.7     1.0000   1.20 /  

0.165  400.     1.1120   1.17 / 
0.288  673 1.325  0.47  / 

0.355  1000 1.319  0.485 / 

0.500  1500 1.31  0.51  / 
0.655  2000 1.301  0.53  / 

0.828  2500 1.293  0.55  / 
0.985  3000 1.285    0.57  / 

1.130  3500 1.279  0.585 / 

1.270  4000 1.273  0.605 / 
1.390  5000 1.262  0.63  / 

1.500  5200 1.26  0.64  

       6000     1.21     0.6928 / 
/ 

 

PVDG 
--Pgas  Bg     Vg 

14.7  178.1  .01300  

400.  87.00  .01345  
673.  2.75   .01390  

1000. 2.00   .01435  

1500. 1.30   .01480  
2000. 1.10   .01525  

2500. 0.90   .01570  

3000. 0.80   .01615  
3500. 0.75   .01660  

4000. 0.70   .01705  

5000. 0.60   .01750 / 
/ 

  

ROCK 
3000.0  1.E-6  / 

  

DENSITY 
51.00  65.00  0.07  / 

 

LSALTFNC 

14.371 1.0 1* 

28.742 0.0 1*/ 

/  
 

REGIONS =============================================================== 

 
SATNUM 

176890*1/ 

 
LWSLTNUM 

176890*2/ 
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SOLUTION =============================================================== 
 

SALTVD 

3000  28.742 
6150  28.742 / 

 

EQUIL 
-- 1    2  3    4  5    6      7      8       9    

   6100  5301 6350 0 5000 0 1/ 

 
RSVD 

6100  0.288  

6150  0.288  
/ 

 

SUMMARY  =============================================================== 
 

 

RUNSUM 

SEPARATE 

RPTONLY 

NARROW 
EXCEL 

 

  
FOPT 

FOPR 
FWIT 

FWIR 

FWPT 
FWPR 

FGPT 

FOIP 
 

 

SCHEDULE =============================================================== 
 

RPTRST 

BASIC=2 / 
 

TUNING 

0.001 34  / 
/ 

30 1 80 / 

 
 

DATES 

1 JAN 2013 /             
/ 

 

WELSPECS 
'I01' 'G' 95 20 -1 'WATER' /         

'I02' 'G' 70 20 -1 'WATER' / 

'I03' 'G' 95 45 -1 'WATER' / 
'I04' 'G' 70 45 -1 'WATER' / 

'I05' 'G' 45 45 -1 'WATER' / 

'I06' 'G' 120 70 -1 'WATER' /         

'I07' 'G' 95 70 -1 'WATER' / 

'I08' 'G' 70 70 -1 'WATER' / 

'I09' 'G' 45 70 -1 'WATER' / 
'I10' 'G' 120 95 -1 'WATER' / 

'I11' 'G' 95 95 -1 'WATER' /         

'I12' 'G' 70 95 -1 'WATER' / 
'I13' 'G' 120 120 -1 'WATER' / 

'I14' 'G' 95 120 -1 'WATER' / 

'P01' 'G' 82 33 -1 'OIL' / 
'P02' 'G' 57 33 -1 'OIL' / 

'P03' 'G' 107 58 -1 'OIL' / 

'P04' 'G' 82 58 -1 'OIL' / 
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'P05' 'G' 57 58 -1 'OIL' / 

'P06' 'G' 32 58 -1 'OIL' / 
'P07' 'G' 107 83 -1 'OIL' / 

'P08' 'G' 82 83 -1 'OIL' / 

'P09' 'G' 57 83 -1 'OIL' / 
'P10' 'G' 107 108 -1 'OIL' / 

'P11' 'G' 82 108 -1 'OIL' /         

  
/ 

 

COMPDAT 
-- 1    2 3 4    5      6  7  8     9   

'I01' 95 20 1 10 'OPEN' 1* 1* 0.375 /    

'I02' 70 20 1 10 'OPEN' 1* 1* 0.375 /  
'I03' 95 45 1 10 'OPEN' 1* 1* 0.375 / 

'I04' 70 45 1 10 'OPEN' 1* 1* 0.375 / 

'I05' 45 45 1 10 'OPEN' 1* 1* 0.375 / 
'I06' 120 70 1 10 'OPEN' 1* 1* 0.375 /    

'I07' 95 70 1 10 'OPEN' 1* 1* 0.375 /  

'I08' 70 70 1 10 'OPEN' 1* 1* 0.375 / 

'I09' 45 70 1 10 'OPEN' 1* 1* 0.375 / 

'I10' 120 95 1 10 'OPEN' 1* 1* 0.375 / 

'I11' 95 95 1 10 'OPEN' 1* 1* 0.375 /    
'I12' 70 95 1 10 'OPEN' 1* 1* 0.375 /  

'I13' 120 120 1 10 'OPEN' 1* 1* 0.375 / 

'I14' 95 120 1 10 'OPEN' 1* 1* 0.375 / 
'P01' 82 33 1 10 'OPEN' 1* 1* 0.375 / 

'P02' 57 33 1 10 'OPEN' 1* 1* 0.375 /  
'P03' 107 58 1 10 'OPEN' 1* 1* 0.375 /  

'P04' 82 58 1 10 'OPEN' 1* 1* 0.375 /  

'P05' 57 58 1 10 'OPEN' 1* 1* 0.375 /  
'P06' 32 58 1 10 'OPEN' 1* 1* 0.375 /  

'P07' 107 83 1 10 'OPEN' 1* 1* 0.375 /  

'P08' 82 83 1 10 'OPEN' 1* 1* 0.375 /  
'P09' 57 83 1 10 'OPEN' 1* 1* 0.375 /  

'P10' 107 108 1 10 'OPEN' 1* 1* 0.375 /  

'P11' 82 108 1 10 'OPEN' 1* 1* 0.375 /    
         

/ 

 
WCONPROD 

-- 1      2 3 4 [5 6 7 8] 9      

     
'P01' 'OPEN' 'ORAT'     1600  4*  800 / 

'P02' 'OPEN' 'ORAT'    1600  4*  800 / 

'P03' 'OPEN' 'ORAT'    1600  4*  800 / 
'P04' 'OPEN' 'ORAT'    1600  4*  800 / 

'P05' 'OPEN' 'ORAT'    1600  4*  800 / 

'P06' 'OPEN' 'ORAT'    1600  4*  800 / 
'P07' 'OPEN' 'ORAT'    1600  4*  800 / 

'P08' 'OPEN' 'ORAT'    1600  4*  800 / 

'P09' 'OPEN' 'ORAT'    1600  4*  800 / 
'P10' 'OPEN' 'ORAT'    1600  4*  800 / 

'P11' 'OPEN' 'ORAT'    1600  4*  800 /     

         
/ 

 

 

WCONINJE 

-- 1      2 3 4 [5 6] 7       

'I01' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
   

'I02' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I03' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I04' 'WATER' 'OPEN' 'BHP'  2* 6000 / 
'I05' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

'I06' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
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'I07' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I08' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I09' 'WATER' 'OPEN' 'BHP'  2* 6000 / 
'I10' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

'I11' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I12' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I13' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
   

'I14' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

/ 
 

WSALT 

'I01' 14.371/         
'I02' 14.371/         

'I03' 14.371/         

'I04' 14.371/ 

'I05' 14.371/ 

'I06' 14.371/         

'I07' 14.371/         
'I08' 14.371/         

'I09' 14.371/ 

'I10' 14.371/ 
'I11' 14.371/         

'I12' 14.371/         
'I13' 14.371/         

'I14' 14.371/ 

/ 
 

TSTEP 

30*365 / 
 

 

----------------------------------------------------------------------------------- 
 

------------------------------------------------------------------------------------------ 

 
END     ================================================================ 
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APPENDIX B 

The Data file for twice diluted LSWF case of WYO Model: 

--*********************NEW RUNSPEC SECTION********************** 

RUNSPEC 

TITLE 
BASE CASE: 

  

DIMENS 
  133   133   10  / 

  

OIL 
WATER 

GAS 

DISGAS 
 

FIELD 

 
TABDIMS 

    2    1   25   25    1    1 / 

  
WELLDIMS 

    80   20    1    80 / 

 
LOWSALT 

  
START 

   31 'DEC' 2012  / 

 
NSTACK 

35 / 

  
UNIFOUT 

 

--FMTOUT 
  

--================================================================ 

GRID     
INIT 

  

  
DX 

176890*100 / 

  
DY 

176890*100 / 

  
INCLUDE  

Netpay.dat / 

 
 

INCLUDE 

ACTNUM.dat / 

 

  

INCLUDE 
Tops.dat / 

 

----------------------------------------- 
----------------------------------------- 

 

INCLUDE 
pnp.dat / 
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COPY  
     'PERMX' 'PERMY' / 

     'PERMX' 'PERMZ' / 

/  
 

MULTIPLY  

 PERMZ .1 / 
/ 

 

 
 

 

--=============================================================== 
 

DEBUG 

15* -2/ 
 

PROPS 

  

-- Sw Krw Kro Pc 

SWOF 

-- High Salinity (82 kppm) 
0.100 0  0.663  15.81  

0.130 0.010010296 0.5700358 1*  

0.159 0.021351352 0.488712635 1*  
0.189 0.033836695 0.413000534 1*  

0.218 0.046406517 0.347541877 1*  
0.248 0.059808685 0.287395947 1*  

0.277 0.073080446 0.236162438 1*  

0.307 0.08708792 0.189876136 1*  
0.336 0.100863161 0.151207056 1*  

0.366 0.11532901 0.117050044 1*  

0.395 0.129500602 0.089259777 1*  
0.425 0.144337937 0.065473654 1*  

0.455 0.15934076 0.046275875 1*  

0.484 0.173989124 0.031639079 1*  
0.514 0.189282957 0.020092423 1*  

0.543 0.204194153 0.011958282 1.72  

0.573 0.219743282 0.006199657 1*  
0.602 0.234887169 0.002736156 1*  

0.632 0.250664111 0.000830578 1*  

0.661 0.266017088 0.000116832 1*  
0.691 0.282  0  0 /  

 

 
 

-- Low Salinity (41 kppm) 

0.100 0 0.663 15.81  
0.130 0.008906203 0.578839235 1*  

0.159 0.018996389 0.5044498 1*  

0.189 0.030104652 0.434393447 1*  
0.218 0.041288077 0.373044803 1*  

0.248 0.053212043 0.315861839 1*  

0.277 0.065019985 0.266357778 1*  
0.307 0.077482495 0.220803922 1*  

0.336 0.089738385 0.181934615 1*  

0.366 0.102608713 0.146750556 1*  

0.395 0.11521724 0.117290619 1*  

0.425 0.12841808 0.091199735 1*  

0.455 0.141766156 0.06923652 1*  
0.484 0.154798868 0.051610993 1*  

0.514 0.168405856 0.036775362 1*  

0.543 0.181672412 0.025397633 1.72  
0.573 0.195506538 0.016353117 1*  

0.602 0.208980119 0.009915223 1*  

0.632 0.223016932 0.005289508 1*  
0.661 0.236676541 0.002442817 1*  

0.691 0.250896606 0.00081272 0  

0.756 0.282 0 1* / 
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-- Sgi Krg Kro Pcgo 
SGOF 

00.0  0.000 0.663  0 

0.20 0.025 0.370 0 
0.30 0.075 0.190 0 

0.40 0.100 0.100 0 

0.50 0.150 0.075 0 
0.60 0.240 0.025 0 

0.70 0.450 0.000 0 

0.80 0.600 0.000 0 / 
/ 

 

PVTWSALT 
3000.0 28.742 / 

 

0.0 1.0 0.000 0.33 0 
28.742 1.0 0.000 0.33 0 / 

 

PVTO 

--Rs  Pbub    Bo    Vo 

0.0    14.7     1.0000   1.20 /  

0.165  400.     1.1120   1.17 / 
0.288  673 1.325  0.47  / 

0.355  1000 1.319  0.485 / 

0.500  1500 1.31  0.51  / 
0.655  2000 1.301  0.53  / 

0.828  2500 1.293  0.55  / 
0.985  3000 1.285    0.57  / 

1.130  3500 1.279  0.585 / 

1.270  4000 1.273  0.605 / 
1.390  5000 1.262  0.63  / 

1.500  5200 1.26  0.64  

       6000     1.21     0.6928 / 
/ 

 

PVDG 
--Pgas  Bg     Vg 

14.7  178.1  .01300  

400.  87.00  .01345  
673.  2.75   .01390  

1000. 2.00   .01435  

1500. 1.30   .01480  
2000. 1.10   .01525  

2500. 0.90   .01570  

3000. 0.80   .01615  
3500. 0.75   .01660  

4000. 0.70   .01705  

5000. 0.60   .01750 / 
/ 

  

ROCK 
3000.0  1.E-6  / 

  

DENSITY 
51.00  65.00  0.07  / 

 

LSALTFNC 

14.371 1.0 1* 

28.742 0.0 1*/ 

/  
 

REGIONS =============================================================== 

 
SATNUM 

176890*1/ 

 
LWSLTNUM 

176890*2/ 

 



119 

 

  

SOLUTION =============================================================== 
 

SALTVD 

3000  28.742 
6150  28.742 / 

 

EQUIL 
-- 1    2  3    4  5    6      7      8       9    

   6100  5301 6350 0 5000 0 1/ 

 
RSVD 

6100  0.288  

6150  0.288  
/ 

 

SUMMARY  =============================================================== 
 

 

RUNSUM 

SEPARATE 

RPTONLY 

NARROW 
EXCEL 

 

  
FOPT 

FOPR 
FWIT 

FWIR 

FWPT 
FWPR 

FGPT 

FOIP 
 

 

SCHEDULE =============================================================== 
 

RPTRST 

BASIC=2 / 
 

TUNING 

0.001 34  / 
/ 

30 1 80 / 

 
 

DATES 

1 JAN 2013 /             
/ 

 

WELSPECS 
'I01' 'G' 95 20 -1 'WATER' /         

'I02' 'G' 70 20 -1 'WATER' / 

'I03' 'G' 95 45 -1 'WATER' / 
'I04' 'G' 70 45 -1 'WATER' / 

'I05' 'G' 45 45 -1 'WATER' / 

'I06' 'G' 120 70 -1 'WATER' /         

'I07' 'G' 95 70 -1 'WATER' / 

'I08' 'G' 70 70 -1 'WATER' / 

'I09' 'G' 45 70 -1 'WATER' / 
'I10' 'G' 120 95 -1 'WATER' / 

'I11' 'G' 95 95 -1 'WATER' /         

'I12' 'G' 70 95 -1 'WATER' / 
'I13' 'G' 120 120 -1 'WATER' / 

'I14' 'G' 95 120 -1 'WATER' / 

'P01' 'G' 82 33 -1 'OIL' / 
'P02' 'G' 57 33 -1 'OIL' / 

'P03' 'G' 107 58 -1 'OIL' / 

'P04' 'G' 82 58 -1 'OIL' / 
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'P05' 'G' 57 58 -1 'OIL' / 

'P06' 'G' 32 58 -1 'OIL' / 
'P07' 'G' 107 83 -1 'OIL' / 

'P08' 'G' 82 83 -1 'OIL' / 

'P09' 'G' 57 83 -1 'OIL' / 
'P10' 'G' 107 108 -1 'OIL' / 

'P11' 'G' 82 108 -1 'OIL' /         

  
/ 

 

COMPDAT 
-- 1    2 3 4    5      6  7  8     9   

'I01' 95 20 1 10 'OPEN' 1* 1* 0.375 /    

'I02' 70 20 1 10 'OPEN' 1* 1* 0.375 /  
'I03' 95 45 1 10 'OPEN' 1* 1* 0.375 / 

'I04' 70 45 1 10 'OPEN' 1* 1* 0.375 / 

'I05' 45 45 1 10 'OPEN' 1* 1* 0.375 / 
'I06' 120 70 1 10 'OPEN' 1* 1* 0.375 /    

'I07' 95 70 1 10 'OPEN' 1* 1* 0.375 /  

'I08' 70 70 1 10 'OPEN' 1* 1* 0.375 / 

'I09' 45 70 1 10 'OPEN' 1* 1* 0.375 / 

'I10' 120 95 1 10 'OPEN' 1* 1* 0.375 / 

'I11' 95 95 1 10 'OPEN' 1* 1* 0.375 /    
'I12' 70 95 1 10 'OPEN' 1* 1* 0.375 /  

'I13' 120 120 1 10 'OPEN' 1* 1* 0.375 / 

'I14' 95 120 1 10 'OPEN' 1* 1* 0.375 / 
'P01' 82 33 1 10 'OPEN' 1* 1* 0.375 / 

'P02' 57 33 1 10 'OPEN' 1* 1* 0.375 /  
'P03' 107 58 1 10 'OPEN' 1* 1* 0.375 /  

'P04' 82 58 1 10 'OPEN' 1* 1* 0.375 /  

'P05' 57 58 1 10 'OPEN' 1* 1* 0.375 /  
'P06' 32 58 1 10 'OPEN' 1* 1* 0.375 /  

'P07' 107 83 1 10 'OPEN' 1* 1* 0.375 /  

'P08' 82 83 1 10 'OPEN' 1* 1* 0.375 /  
'P09' 57 83 1 10 'OPEN' 1* 1* 0.375 /  

'P10' 107 108 1 10 'OPEN' 1* 1* 0.375 /  

'P11' 82 108 1 10 'OPEN' 1* 1* 0.375 /    
         

/ 

 
WCONPROD 

-- 1      2 3 4 [5 6 7 8] 9      

     
'P01' 'OPEN' 'ORAT'     1600  4*  800 / 

'P02' 'OPEN' 'ORAT'    1600  4*  800 / 

'P03' 'OPEN' 'ORAT'    1600  4*  800 / 
'P04' 'OPEN' 'ORAT'    1600  4*  800 / 

'P05' 'OPEN' 'ORAT'    1600  4*  800 / 

'P06' 'OPEN' 'ORAT'    1600  4*  800 / 
'P07' 'OPEN' 'ORAT'    1600  4*  800 / 

'P08' 'OPEN' 'ORAT'    1600  4*  800 / 

'P09' 'OPEN' 'ORAT'    1600  4*  800 / 
'P10' 'OPEN' 'ORAT'    1600  4*  800 / 

'P11' 'OPEN' 'ORAT'    1600  4*  800 /     

         
/ 

 

 

WCONINJE 

-- 1      2 3 4 [5 6] 7       

'I01' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
   

'I02' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I03' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I04' 'WATER' 'OPEN' 'BHP'  2* 6000 / 
'I05' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

'I06' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
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'I07' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I08' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I09' 'WATER' 'OPEN' 'BHP'  2* 6000 / 
'I10' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

'I11' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   
'I12' 'WATER' 'OPEN' 'BHP'  2* 6000 /      

   

'I13' 'WATER' 'OPEN' 'BHP'  2* 6000 /      
   

'I14' 'WATER' 'OPEN' 'BHP'  2* 6000 / 

/ 
 

WSALT 

'I01' 14.371/         
'I02' 14.371/         

'I03' 14.371/         

'I04' 14.371/ 

'I05' 14.371/ 

'I06' 14.371/         

'I07' 14.371/         
'I08' 14.371/         

'I09' 14.371/ 

'I10' 14.371/ 
'I11' 14.371/         

'I12' 14.371/         
'I13' 14.371/         

'I14' 14.371/ 

/ 
 

TSTEP 

30*365 / 
 

 

----------------------------------------------------------------------------------- 
 

------------------------------------------------------------------------------------------ 

 
END     ================================================================ 

  

 

 

 

 

 

 

 


