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Abstract: Simulation study has been conducted by developing a dynamic model of water-wet naturally fractured reservoir (NFR) having slab type matrix blocks, as a worst case for tertiary gas injection (TGI) in a watered-out reservoir. The comparative study has been conducted by neglecting and then taking into consideration the effect of diffusion on oil production and recovery. Further the study is extended to investigate the effect of capillary pressure existence in fracture network on recovery. The obtained results show the promising results to opt for gas injection as a tertiary recovery method in case of watered-out, slab type matrix block system existing in water-wet naturally fractured reservoir. 
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2. Introduction
Naturally fractured reservoirs represent the complex combination of primary and secondary porosity. These existing porosities can be represented in a simplified form by using a Warren and Root Model, which divides NFR’s in matrix block and fracture network system [1]. This model is also referred to as 2 and 1K model, because of the fact that once the fluid produced from the matrix blocks, will not re-enter into the matrix block and flows through the transporting medium, i.e., fracture network, as shown in the following Figure (1).


Figure 1. Conceptual representation of Warren and Root model

Matrix blocks in fracture reservoirs can be characterized in the form of cubes, elongated parallelopiped and having slab structure [2]. It is comparatively very common to find in the literature that, experimental studies have been done using elongated cores of fracture reservoirs and also the accomplished numerical modeling (simulation studies) by generally using cube type model [3-8]. 
	In this work, simulation study has been conducted for water-wet naturally fractured reservoir model having slab type matrix blocks. Water-wet system has been chosen as the worst case scenario for TGI due to required higher displacement pressures for gas to enter the matrix block. The threshold pressure which needs to be exceeded for displacement process depends on wettability [4]. In addition, as the interfacial tension increases, the required pressure for gas to enter the matrix block also increases. When gas injection is used for tertiary recovery, as in case of this study, the required pressure to enter the matrix block further increases as generally IFT (interfacial tension) between gas and water is higher than IFT between gas and oil, to which it will be preferably contacting in a watered-out situation [9]. 

3. Properties of Matrix Blocks and Fracture Network
Matrix blocks have the same properties and behavior as that of conventional (non-fractured) reservoirs, showing non-linear relationship between capillary pressure and relative permeability against saturation. While in case of fractures, it is mostly assumed that no transition zone exists so the relative permeability curves shows the linear direct relationship with respect to saturation [10]. 

4. Gas Injection in Naturally Fractured Reservoirs
Gas injection is known to displace and further produce the trapped oil present in the matrix blocks. A number of studies [11-17] have been conducted, which involves injecting different gases for increased oil recovery. These studies were conducted by using cores having various wettability conditions and show the potential of gas injection to be used for enhanced oil recovery. 
	In NFR’s, compositional differences exists between the fluid present in the matrix blocks and fracture network, due to high degree of segregation in fractures. This difference results into diffusion process in the form of gas-gas diffusion, gas-oil diffusion and oil-oil diffusion in case of difference in solution gas-oil ratio [16]. Diffusion can decrease the oil viscosity making it more mobile, which in turn leads to increased oil recovery. 

5. Simulation Study
The accomplished numerical modeling by using commercial black oil reservoir simulator can be divided into the following cases:
1) Subjecting NFR to water injection and when it is watered-out, using gas injection as tertiary recovery method, without taking into consideration the effect of diffusion. 
2) Subjecting reservoir to water injection and when it is watered-out, using gas injection for EOR, while taking into consideration the effect of diffusion. 
3) Comparing case (1) with a case in which the same capillary pressure exists within the fracture system as in the matrix blocks.
5.1 Model Description
Reservoir model having slab like matrix blocks with effective vertical length of 10 feet have been modeled. Model is divided into 6750 grid blocks (based on effective block height). Reservoir depth is at 8250 ft with a formation thickness of 1250 ft. Reservoir is initially undersaturated with a reservoir pressure of 3958 Psi. Water-oil contact lies at 7571 ft and the connate water saturation is 20%. Further details of the reservoir model are given in Table 1, while the relative permeability and capillary pressure data is shown in Figure (2). Moreover, the location of production and injection wells can be represented in the simplified form, as shown in Figure (3).

Figure 3. Well locations based on simplified major grid blocks representation

6. Results And Discussion
The obtained results of field oil production rate and water cut can be divided into two main parts, for analysis and discussion purposes, i.e.:
· Reservoir is subjected to water injection and,
· When reservoir is subjected to gas injection.
5.1 Case 1
In Case 1, during water injection, initially oil is mainly produced from fracture network which resulted in stabilized flow, then production started declining rapidly and becomes stabilized once again, when the effect of imbibition process in matrix blocks is reasonable enough to slow down the production decline as shown in Figure (4). Later, when the flow from matrix block is not enough, decline in field production rate can again be noticed. The reason of delayed effect of imbibition process to produce oil from matrix blocks is their low permeability.
Deflection “A” in the field water cut curve is due to shutting one production well “P2”, when the field water cut was above 60%. Well P2 was shut-in, being a main source of higher water cut as it is located near the water-oil contact as compared to well “P1”. 
After shutting in “P2”, the water cut has decreased and starts increasing again with the passage of time. When it has been reached to 83.4 % then the field production was stopped. For gas injection being a source of tertiary recovery in a watered-out reservoir, wells were shut-in, which is the reason for deflection “B”. During tertiary recovery by gas injection, Well “I” was shut-in, while “P2” was opened for production again and “P1” was shifted to gas injection well. 
	Effect of gas injection can be seen clearly in the beginning of region “C”, after approximately one year of gas injection. In the beginning of region “C”, oil production decreases while water cut increases, which shows the presence of oil in the form of disconnected ganglia. So injected gas have displaced water first (indicted by increase in water cut) and then came in contact with oil, and displaced trapped ganglia of oil. While moving (gas) from larger pores to smaller pores and continuing displacing oil, and reuniting them together, which resulted in the formation of oil banks, has been produced (shows increase in oil production rate in region “C” of the curve). While the oil was being produced, gas is also pushing water, which has also been produced. Sudden decrease in flow rate and water cut (deflection D) is due to gas breakthrough. 
Recovery profile is shown in Figure (5). Total oil recovery in this case is 59.6% at the end of water injection which increased to 68.8% as a result of tertiary recovery by gas injection.
5.2 Case 2
In this case, during water injection, the production behavior is similar to as in Case 1, but it differs during gas injection, because of diffusion between gas in the fractures and oil in the matrix blocks. Due to diffusion, viscosity of oil have also decreased, so tendency for oil to flow towards wellbore have increased (Fig. 6) and thus leaving behind comparatively lesser residual oil at the end of simulation (Fig. 7), as compared to Case 1. Fig. 7 shows the same recovery after water injection and an increased recovery, i.e., 69.4% at the end of gas injection. 
5.3 Case 3
In Case 3, during water injection, improper water imbibiton was observed, when capillary pressure also exists within the fracture network. The obtained results are shown in Fig. 8 and 9. The existence of fracture capillary pressure, opposes the entry of water into the matrix block (imbibition) and on the other side water-oil contact rises in the fracture network, which resulted in early breakthrough and hence lower recovery (50.8%) at the end of water injection as compared to Case 1. Improper water imbibition also caused, rapid decline in oil production. In this case, oil was produced under water injection (W.I.) until the field water-cut became higher than 90%, but still the recovery was lower as compared to Case 1. Deflection “A” is due to shutting in the field wells, to subject the reservoir to produce oil under tertiary gas injection, as it has been accomplished in Case 1. 
Effect of gas injection can be clearly seen in the beginning of region “C”, and it has been noticed that due to early water breakthrough and lesser recovery, oil is comparatively more or less still is in continuous phase as compared to Case 1, so injected gas took comparatively lesser time to mobilize oil, once again. After formation of oil bank, oil has been produced and also it can be noticed that during gas injection (G.I.), oil and water have been produced according to their relative permeabilities, i.e, oil having higher relative permeability (Kro), than water have been produced first. Tertiary recovery by gas injection resulted in total recovery of 67.9% at the end of simulation. This recovery is slightly lesser than the total recovery as compared to Case 1. Decline (deflection D) in oil production and water cut is again due to gas breakthrough.

7. [bookmark: _Toc41859159]Conclusions 
1) There is a delay to clearly notice the effect of gas injection in watered-out reservoir in the form of increased oil production.
2) In case of TGI, gas will reach to the dispersed oil patches and ganglia, after displacing the surrounding water, in a watered-out NFR. Later, it re-unites the oil which is in the form of disconnected ganglia, thus forming an oil bank, which is produced afterwards.
3) During tertiary recovery, when situation is more or less normalized (watered-out effect is reduced or vanished), then gas will displace oil and water according to their relative permeabilities, in slab type matrix block system.
4) The study shows that existence of capillary pressure in fracture system, has adverse effect on recovery due to water injection (Case 3), while in this situation TGI, has been resulted in obtaining almost the same total recovery as in Case 1.
5) This study shows the potential of implementing TGI in water-wet naturally fractured reservoirs with slab type matrix blocks. 
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Table 1: Reservoir model description
	Number of major matrix blocks in each layer
	9

	Number of layers 
	6

	Length of each slab in x and y-direction
	220 ft

	Effective block height
	10 ft

	Fracture permeability 
	100-2000 md

	Matrix porosity
	10%

	Fracture porosity
	1.5%

	No. of production wells
	2

	No. of injection wells
	1










a: Relative permeability curves
b: Capillary pressure curves


Figure 2. Relative permeability and capillary pressure data








Figure 4. Field oil production rate and water-cut 


Figure 5. Field oil recovery profile






Figure 6. Field oil production rate and water-cut profiles including diffusion effect (Case 2)


Figure 7. Oil recovery estimation including diffusion effect (Case 2)










Figure 8. Field oil production rate and water-cut profiles including diffusion effect (Case 3)


Figure 9. Recovery profile when capillary pressure also exists in fracture network (Case 3)
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