A Study of Fluid displacement in Porous Space using Nitrogen/CO2 injection

1- Introduction
The term enhanced oil recovery is a generic term for techniques for increasing the amount of oil that can be extracted from an oil field. This improved extraction is achieved by either gas injection, thermal recovery, or injection. Gas injection is the most commonly used technique. Gas such as carbon dioxide (CO2), natural gas, or nitrogen are injected into the reservoir to expand and push additional oil to a production well bore, and moreover dissolves in the oil to lower its viscosity and improves the flow rate of the oil. Oil displacement relies on the phase behavior of the injected and crude oil mixtures that are strongly dependent on reservoir temperature, pressure and crude oil composition. These mechanisms range from oil swelling and viscosity reduction for injection of immiscible fluids (at low pressures) to completely miscible displacement in high-pressure applications. CO2 and Nitrogen are often used separately for miscible and immiscible displacements oil in reservoirs but not simultaneously. The purpose of this project is to predict the ideal ration of Nitrogen and CO2 to be mixed in order to optimize recovery.
2- Background
Several work has have been done to study the effect of injecting of CO2 and N2 into porous media. Most of which results in variety of strongly coupled physical and chemical process as multiphase flow, dissolution-deposition kinetics, solute transport, hydrodynamic instabilities due to displacement of less viscous CO2 with more viscous brine (viscous fingering), capillary effects and upward movement of CO2 due to gravity (gravity override) (Reichle et al. 1999).For most cases,  interactions between the fluid injected ,CO2 and N2 in addition to interactions with the porous medium may lead to change in the formation permeability and the effective porosity, thus the storage capacity of the formation. White et al. (2001) applied reactive chemical transport modeling to simulate mineral sequestration of CO2 in saline reservoirs underlying the Colorado Plateau. McPherson and Lichtner (2001) used a mathematical sedimentary basin model, including multiphase flow of CO2, groundwater, and brine, to evaluate resident times in possible aquifer storage sites and migration patterns and rates away from such sites in the Powder River Basin of Wyoming. Numerical simulation of CO2 disposal in aquifers has also been studied by Doughty and Pruess (2004), Xu et al. (2004), Allen et al. (2005), Kumar et al. (2005), and Lagneau et al. (2005). In these studies, local equilibrium is assumed to govern the distribution of aqueous chemical species. A critical comparison of simulation codes that could be used to model injection of CO2 in geologic formations was presented by Pruess et al. (2002). They concluded that a considerable number of numerical simulation codes (i.e., CMG’s GEM, Geoquest’s Eclipse, TOUGH2, etc.) were capable of simulating, in realistic, quantitative detail, the important flow and transport processes that would accompany geologic sequestration; however, the hydromechanical test problem was solved by only one code (TOUGH-FLAC). In this study, we would analyse the impact of simultaneous injection of gas CO2 and N2 in a porous space to enhance fluid (oil) displacement. 
3-Formulation of the Problem
The overall goal of this simulation is to optimize fluid displacement in a porous space by injecting two gases, the first for miscibility and the second for immiscibility (CO2 and Nitrogen). Parameters and equations taken into considerations to simulate this mechanism involved:

Darcy's law: A proportional relationship between the instantaneous discharge rate through a porous medium, the viscosity of the fluid and the pressure drop over a given distance.


 Derived from Darcy’s equation, the relative permeability (curve are shown in figure1) dimensionless measure of the effective permeability of each phase in porous media. Could be written as follow:
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2- The Buckley– Leverett equation: In our case, if we consider a 1-D control volume (for simplicity) with S(x,t) be the water saturation, the Buckley–Leverett equation can be written as follow:
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Or



  where;                                          

f is the fractional flow rate, Q is the total flow, φ is porosity and A is area of the cross-section in the sample volume.







The study would be performed using reservoir simulation software equipped with a phase behavior package (CMG).The model would be developed in a rectangular coordinate, and would involve a injection well and a production well .Parameters such as flow rate , pressure, porosity , permeability would be taken from existing data of either nitrogen injection or CO2 Injection. The concentration of the initial fluid (CO2/N2) taken from experimental of either carbon or nitrogen injection would progressively decrease (100% to 0%) while the concentration of the second fluid would increase (0% to 100%). The model should predict for each ratio injected a specific production rate and the highest production rate would simply justify the targeted mixing ration
 4- Experimental Parameters and Conditions
Figure 1 shows the relative permeability curve with residual fluid saturation values after displacement. It is important to understand that another way to increase recovery by displacing fluid is to lower the residual saturation value by changing the properties of the displaced fluid. In our case by mixing Co2 into oil we are changing the properties, thus making it more viscous and easy to flow. This is supported by the change in residual fluid saturation levels before and after Nitrogen and CO2 injection into the system.
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Figure 1: Relative Permeability Curve
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Figure 2: 1-D Top view of the Injection well
· Gravitation Forces

Gravitation is a natural phenomenon by which all objects with mass attract each other, and is one of the fundamental forces of physics.

Under an assumption of constant gravity, Newton’s law of gravitation simplifies to F = mg, where m is the mass of the body and g is a constant vector with an average magnitude of 9.81 m/s². The acceleration due to gravity is equal to this g. An initially-stationary object which is allowed to fall freely under gravity drops a distance which is proportional to the square of the elapsed time. Since we are dealing with a gas injection gravity forces were considered to be negligible. 
- Surface Tension:

Surface tension is caused by the attraction between the molecules of the liquid by various intermolecular forces. In the bulk of the fluid each molecule is pulled equally in all directions by neighboring liquid molecules, resulting in a net force of zero. At the surface of the liquid, the molecules are pulled inwards by other molecules deeper inside the liquid and are not attracted as intensely by the molecules in the neighboring medium. It is whether there are interaction between carbon dioxide and Nitrogen and if those interactions have an impact of the fluid being displaced. We therefore ignored any interaction between Nitrogen and CO2 to simplify the problem. The main reason for using those gases is to perform simultaneously both immiscible and miscible displacement. The idea was to allow Co2 to mix with the fluid being displaced, making it lighter and easier to be displaced by Nitrogen which is immiscible. 


[image: image5]
Figure 3: 3- Dimensional View
Capillary action:

Capillary action has in fact the most important effect on our system because, it directly affects the ability of our Co2 to be drawn into the oil being displaced. It would occur if the adhesive intermolecular forces between our gas (co2) and oil are stronger than the cohesive intermolecular forces inside the gas. In that case, the effects cause a concave meniscus to form.

4- Results / Solution
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Figure 4: Oil displacement Profile
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Figure 5: Recovery Profile
· Results Interpretation

After simultaneous CO2 and Nitrogen injection for an hour , results seen in figure 5 and figure 6 show that increase in recovery ration is observed when both gases are mixed at ratios of 2% vs 98%.The maximum recovery percentage is also observed at those precise values. For the remaining part of the simulation that optimum recovery rate remains constant. These results show that for both gases an addition of up to 2% of the second improves recovery.
	
	
	Oil (mm3)
	Gas ( mm3)
	Water (mm3)
	Wet Gas(mm3)

	C02%
	100
	2.50E02
	3.09E-03
	8.35E04
	5.56E03

	
	99
	2.54E02
	3.16E03
	8.49E04
	5.67E03

	
	98
	2.61E02
	3.25E03
	8.71E04
	5.83E03

	
	97
	2.60E02
	3.23E03
	8.67E04
	5.82E03

	
	96
	2.60E02
	3.26E03
	8.69E04
	5.83E03

	
	95
	2.60E02
	3.27E03
	8.71E04
	5.84E03

	
	94
	2.60E02
	3.28E03
	8.73E04
	5.85E03

	
	93
	2.60E02
	3.28E03
	8.75E04
	5.84E03

	
	92
	2.60E02
	3.29E03
	8.78E04
	5.86E03

	
	91
	2.60E02
	3.31E03
	8.79E04
	5.87E03

	
	90
	2.60E02
	3.31E03
	8.81E04
	5.88E03

	
	10
	2.60E02
	1.60E02
	1.51E03
	1.83E00

	
	9
	2.60E02
	1.52E02
	1.47E03
	1.75E02

	
	8
	2.60E02
	1.67E02
	1.55E03
	1.91E02

	
	7
	2.60E02
	1.74E02
	1.57E03
	1.97E02

	
	6
	2.60E02
	3.23E02
	2.18E03
	3.45E02

	
	5
	2.60E02
	3.51E02
	2.29E03
	3.74E02

	
	4
	2.60E02
	2.69E02
	2.06E03
	2.92E02

	
	3
	2.60E02
	2.90E02
	2.22E03
	3.12E02

	
	2
	2.60E02
	1.00E01
	5.57E03
	1.02E01

	
	1
	1.63E02
	6.26E00
	3.52E03
	6.39E00

	N2%
	0
	1.64E02
	6.13E03
	3.50E03
	6.26E02


Table1: C2/N2 Injection Summary
5- Results Validation
In order to validate our fluid displacement model, we considered an easy and simple case of fluid injection into porous medium. A simple 1-D incompressible and steady state flow case. 

In order validate our results would make sure that a simple steady sate case could be simulate with the same system.

The flow rate, Q (units of volume per time, e.g., m³/s) is equal to the product of the permeability (κ units of area, e.g. m²) of the medium, the cross-sectional area (A) to flow, and the pressure drop (Pb − Pa), all divided by the dynamic viscosity μ (in SI units e.g. kg/(m·s) or Pa·s), and the length L the pressure drop is taking place over. 

Using CMG, we compute the rate of flow out of the system which would normally be equal to the input flow, since we are considering steady state and incompressible flow case.
Once this step is completed we repeat the same scenario but this time considering using a gas (ideal) such as air for compressibility purpose. With reasonable results from the initial steps, we now consider two-phase flow.
We computed flow rate using Darcy’s equation and compared the results to those obtained with CMG for the steady state case results are shown in table2. As we expected flow in is equal to flow out and there is no change in pressure for both cases.

The fluid injected is water, for incompressibility purpose.
- For two-phase flow in porous media given steady-state conditions, we can write
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Where qi is the flux, [image: image10.png]


is the pressure drop, μi is the viscosity. The subscript i indicates that the parameters are for phase i.

κi is here the phase permeability.

Relative permeability, κri, for phase i is then defined from κi = κriκ as

κri = κi / κ 

Where, κ is the permeability of the porous medium in single-phase flow. Relative permeability must be between zero and one.
- Water Injection Case:

[image: image11]
Figure 6: 3-D View of Core Sample
A vertical sand column of length L = 120 cm 

Cross-sectional area A = 1 cm2
The difference water levels at the inflow and the outflow reservoirs is Dh = 120 cm
The hydraulic conductivity K = 20 cm2/min
Computed Discharge Rate: 20 cm3/s

- CMG simulated Water Injection

- Injected Fluids

    .Water

    .Water Saturation 100%

    .Oil Saturation 0%

   .Injection Rate 20 cm3/s

· Fluids Produced 

   .Water

   .Produced Water 100%

   .Produced Oil 0%

   .Production Rate 20 cm3/s
7- Conclusion
Nitrogen and Carbon could be used simultaneously to improve fluid displacement. The model has demonstrated that in order to reach an optimum recovery level, only a very small amount of the second gas should be added to the initial gas which should also is the main gas injected. Recovery to a ratio of 2% for 98% seems to be improved the efficiency mixing ration.
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