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Introduction

Gas injection for enhanced oil recovery (EOR) suffers from poor sweep efficiency. Three reasons are associated with this deficiency of gas flooding: 1) segregation and gravity override due to the lower density of gas compared to oil and/or water, 2) viscous fingering due to high mobility ratio between injected gas and oil and/or water, 3) channelling through high-permeability streaks or layers in heterogeneous and layered reservoir [START_REF] Lake | Fundamentals of Enhanced Oil Recovery[END_REF].

Although not all the gas injection methods essentially lead to the poor oil recovery efficiency.

The recent method of the Gas-Assisted Gravity Drainage (GAGD) process has a good sweep efficiency and higher recovery than Continuous Gas Injection (CGI) and Water-Alternative Gas (WAG) processes, in both immiscible and miscible modes [START_REF] Al-Mudhafar | Lessons Learned from the Field-Scale Simulation of the Gas-Assisted Gravity Drainage GAGD Process in Heterogeneous Sandstone Oil Reservoirs[END_REF].

Foam can improve the volumetric sweep efficiency by reducing gas mobility, providing a favourable mobility ratio and contacting a larger fraction of the reservoir to mitigate the effect of heterogeneity, gas segregation and viscous instability [START_REF] Rossen | Foams in Enhanced Oil Recovery[END_REF][START_REF] Farajzadeh | Investigation of immiscible and miscible foam for enhancing oil recovery[END_REF]Simjoo et al., 2011). Design of the foam EOR process for field-scale application requires accurate prediction and description of foam behaviour in porous media with and without the oleic phase. Modelling of foam flow in a porous media can be categorized into two major methods: the local equilibrium with implicit texture (LE-IT) foam model, and the population balance approach. The LE-IT foam model assumes that a local steady state of foam dynamics in terms of creation and destruction of foam is reached instantaneously wherever gas and surfactant (as a foaming agent) coexist in porous media [START_REF] Rossen | Modeling Foams for Acid Diversion[END_REF][START_REF] Boeije | Fitting Foam Simulation Model Parameters to Data[END_REF][START_REF] Ma | Modeling Techniques for Foam Flow in Porous Media[END_REF]). This model implicitly takes into account the presence of foam generation and coalescence through a mobility interpolation factor which depends itself on water saturation, gas velocity and other factors [START_REF] Cheng | Simulating Foam Processes at High and Low Foam Qualities[END_REF].

Application of LE-IT foam model for the field scale requires dependency of the model parameters upon the variety of geological properties of the reservoir, in particular permeability, porosity or fracture geometry in each direction [START_REF] Farajzadeh | Effect of Permeability on Implicit-Texture Foam Model Parameters and the Limiting Capillary Pressure[END_REF]. The LE-IT empirical foam model is unable to model the correct foam density as a function of foam quality where the foam quality can vary in thick reservoirs based upon various factors such as permeability, pore size distribution etc.

The population balance approach describes the dynamics of foam generation and destruction where the foam mobility reduction is based on the bubble size and bubble density (foam texture) [START_REF] Kovscek | A mechanistic population balance model for transient and steady-state foam flow in Boise sandstone[END_REF]2010). Although population balance model provides a comprehensive mechanistic description of foam flow in porous media, it requires many physical parameters which are not easy to determine for the field application. On the other hand, the empirical LE-IT model is more pragmatic and simpler for the field-scale simulation as it requires fewer simulation parameters and numerical difficulties and lower computational cost compared to the population balance model [START_REF] Kapetas | Effect of Permeability on Foam-model parameters -An Integrated Approach from Coreflood Experiments through to Foam Diversion Calculations[END_REF]Rossen & Boeije, 2015).

Much work in the literature has focused on the simulation of foam flooding in the absence of an oleic phase. [START_REF] Simjoo | Modeling of Foam Flow Using Stochastic Bubble Population Model and Experimental Validation[END_REF] studied the transient foam flow in an oil-free porous media by using the stochastic bubble population model. The premise of this model is that foam flow in porous media is a complex fluid and bubble generation is a stochastic process. They obtained a good match between the numerically calculated fluid saturation and pressure data with those obtained from the experiments at which foam was generated by coinjecting nitrogen and alpha olefin sulfonate surfactant in Bentheimer sandstone. [START_REF] Boeije | Fitting Foam-Simulation-Model Parameters to Data : I . Coinjection of Gas and Liquid[END_REF] proposed a method to calculate the parameters of the water-saturation-dependent function and also shear-thinning function from the foam pressure gradient data at low and high-quality regimes at fixed total velocity. This method can provide the initial estimates for the foam model physical parameters to be used in the reservoir simulator for foam simulation at a large scale. [START_REF] Ma | Estimation of Parameters for the Simulation of Foam Flow through Porous Media[END_REF] estimated the parameters of the water-saturation-dependent function to describe the dry-out effect in the absence of the oil phase. In their approach, shearthinning behaviour at the low-quality regime of foam flooding was ignored.

Effect of permeability variation of porous media on the behaviour of foam flow in the absence of oil was studied experimentally and theoretically by [START_REF] Kapetas | Effect of Permeability on Foam-model parameters -An Integrated Approach from Coreflood Experiments through to Foam Diversion Calculations[END_REF]. They showed permeability can have a significant impact on the critical foam saturation such that the higher permeability layer exhibits lower critical water saturation ( * ). However, they did not come up with a robust correlation between the permeability and transition abruptness characteristic of the LE-IT foam model for the foam quality-scan experiments at different foam-flow regimes. [START_REF] Jones | Effect of surfactant concentration on foam: From coreflood experiments to implicittexture foam-model parameters[END_REF] fitted the core-flood results of foam flooding without oil, for different surfactant concentration by the LE-IT foam model. To be able to predict the effect of the concentration on the foam apparent viscosity, they extend the model such that five foam parameters vary with surfactant concentration. [START_REF] Lotfollahi | A Four-Phase Flow Model to Simulate Chemical EOR with Gas[END_REF] presented a numerical model to simulate foam flooding in the presence of micro-emulsion phase. However, in this work no validation was given with respect to the experimental data. Similarly, [START_REF] Lashgari | Modeling of Low-Tension Surfactant-Gas Flooding Process in a Four-Phase Flow Simulator[END_REF] applied the black-oil model system coupled with the micro-emulsion phase behaviour model for simulation of low-tension gas flooding. They used the interfacial tension (IFT) reduction as the main factor to control the incremental oil recovery even though this mechanism in foam flooding does not always function. Therefore, most of the works in the literature have modelled foam flow in porous media either in the absence or the presence of oleic phase. On the other hand, many experimental data of foam flooding for EOR purposes have been reported.

Thus, this study aimed to investigate the application of LE-IT foam model for numerical modelling of foam flow in the sandstone rock for both in the absence and presence of an oleic phase. The foam model of Puma-Flow reservoir simulator (IFP Energies nouvelles) was used, which is similar to the foam model in CMG-STARS simulator (Computer Modelling Group Ltd., 2007). To this end, first the parameters of the dry-out and gas velocity functions in the foam model were determined by a least-square matching of the model to the experimental data obtained at low and high-quality regimes at a constant superficial velocity. Then, numerical simulations were conducted to investigate the effect of surfactant concentration on the pressure drop across the core sample for the core-flood laboratory data of foam flooding in the absence of oil. Thereafter, the effect of oil on the modelling of foam flooding was elaborated by fitting foam parameters to experimental data of the foam flooding in the presence of oil. The structure of this paper is as follows. First, we describe the main features of the foam model used in this study. Next we present an overview of the experimental study on foam flooding in sandstone porous media with and without oleic phase. The paper proceeds with the simulation results obtained from numerical modelling of the experimental data, and finally the main conclusions are drawn.

Theoretical Description of LE-IT Foam Model

Features of local equilibrium and implicit-texture (LE-IT) foam model, in the PumaFlow simulator (in-house reservoir simulator of IFPEN), are described as follows. Reduction of gas mobility due to presence of a foaming agent is assigned to the relative permeability function, while gas-phase viscosity is assumed unchanged no matter whether a foaming agent is present or not. The relative permeability reduction factor is interpolated between a (maximum) reference value known or measured in optimal foaming conditions and a unity value in the absence of the foaming agent. Gas relative permeability in the presence of foam, , is rescaled to gas relative permeability in the absence of foam, , by multiplying by a dimensionless interpolation factor, FM.

(1)

The interpolation function (FM), also known as the mobility reduction factor, is a product of various functions to capture the different physical effects on the foam stability in porous media. The FM function generally includes the contributions of four variables, namely surfactant concentration, water saturation, gas phase velocity and oil saturation.

1 1 1 (2)
The term M ref is the (reference) maximum foam mobility reduction factor obtained without the impact of other factors (F 1 , F 2 …). The functions F 1 , F 2 , F 3 and F 4 incorporate the effects of foaming agent concentration, water saturation, oil saturation and capillary number (gas phase velocity) respectively. The F i values are within the range [0; 1]: the closer they are to 1 the more efficient the foam will be. Through the indices one can decide to neglect the dependency on some parameters by simply inputting e i = 0.
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F 1 is a power-law relationship to describe the effect of foaming agent concentration. It is controlled by parameters ̅ , and e S , where ̅ , is the critical surfactant concentration above which gas mobility is independent of surfactant concentration (C s ). ̅ , depends on surfactant type and is larger than the critical micelle concentration (CMC). When surfactant concentration is larger than the CMC value, foam becomes more stable due to the increase of disjoining pressure [START_REF] Kovscek | A mechanistic population balance model for transient and steady-state foam flow in Boise sandstone[END_REF][START_REF] Schramm | Foams: Fundamentals and Applications in the Petroleum Industry[END_REF]. Note that foam coalescence rate is lower than foam film creation rate, as long as the disjoining pressure is larger than the local capillary pressure [START_REF] Buchavzov | A disjoining pressure study of foam films stabilized by mixtures of nonionic and ionic surfactants[END_REF][START_REF] Ekserova | Foam and foam films : theory, experiment, application[END_REF][START_REF] Schulze-Schlarmann | A disjoining pressure study of foam films stabilized by tetradecyl trimethyl ammonium bromide C14TAB[END_REF].

F 2 is namely foam dry-out function which describes the dependence of foam strength on water saturation S w . * in the function F 2 is the critical water saturation at which the maximum foam strength is reached in a high-quality regime ('foam quality' referring to gas fractional flow), and below which foam weakens in a low-quality regime [START_REF] Kam | A Model for Foam Generation in Homogeneous Media[END_REF]. For the water saturation lower than * as foam quality increases, foam (in a highquality regime) begins to significantly dry out and coarsen by the 'limiting capillary pressure, * [START_REF] Khatib | Effects of Capillary Pressure on Coalescence and Phase Mobilities in Foams Flowing Through Porous Media[END_REF]. During a foam quality-scan test with a fixed superficial velocity, the high-quality regime is the range of foam quality where the pressure gradient decreases with increasing foam quality, while in the low-quality regime the pressure gradient increases with increasing foam quality [START_REF] Tanzil | Conditions for Foam Generation in Homogeneous Porous Media[END_REF]. In the F 2 function, f w is the dryout coefficient that controls the collapse rate of the foam in the high-quality regime as a function of water saturation [START_REF] Kapetas | Effect of Permeability on Foam-model parameters -An Integrated Approach from Coreflood Experiments through to Foam Diversion Calculations[END_REF]. This coefficient (f w ) has a significant effect on the predictions of pressure gradient particularly near the transition between the low/high-quality regimes.

Larger values of f w yield a sharper transition between the high and low-quality regimes, which means that foam dries out faster, while small values cause a gradual transition between the foam flow regimes, which means that the foam gradually dries out. If the transition between high and low-quality regimes is abrupt, then the * parameter corresponds to the water saturation at the limiting capillary pressure P c *, i.e. the water saturation at which foam strength collapses [START_REF] Gauglitz | Foam generation in homogeneous porous media[END_REF]. F 3 represents the destabilization effect of oil on the foam stability. The * parameter is the oil saturation threshold above which foam is destroyed and gas mobility is not reduced at all. The e o is the exponent of the function of F 3 , which controls the rate of disappearance of the foam when oil is present. By setting a zero value for this exponent, one can neglect any detrimental effect of the presence of oil on the generated foam and thus, on the gas mobility control properties.

F 4 is the shear-thinning velocity effect that represents the influence of non-Newtonian power-law shear thinning of foam rheology on the foam strength. It has been seen that the apparent foam viscosity decreases as the velocity increases, which makes the foam look like a non-Newtonian shear thinning fluid [START_REF] Hirasaki | Mechanisms of Foam Flow in Porous Media: Apparent Viscosity in Smooth Capillaries[END_REF][START_REF] Xu | Effective viscosity of foam in periodically constricted tubes[END_REF]. In F 4 function, N c is the capillary number, and 0< <1 is a range of reference capillary number values. N c is a dimensionless number, which is defined by the ratio of viscous forces to capillary forces. It is defined by the following equation:

/ ⁄ (7)
where is the total Darcy velocity (gas+liquid), is the apparent viscosity of the displacing fluid in the porous media, is porosity of rock, k is absolute permeability of rock, is the pressure gradient, and is the surface tension between gas and foaming agent solution, which is a function of the concentration of foaming agent in the aqueous phase.

Other definitions of the capillary number have been used in the literature [START_REF] Lake | Fundamentals of Enhanced Oil Recovery[END_REF], but Eq. ( 7) is the most commonly used for foam flooding [START_REF] Simjoo | Novel Insight into Foam Mobility Control[END_REF]. The capillary pressure has an important impact on the foam stability, and in this study, the capillary number is used to model this effect.

Since the maximum value of function F 4 is equal to 1, therefore the value of should be set equal to the lowest capillary number expected in the simulations. Below this value of capillary number (i.e.

), the shear-thinning behaviour is not represented. The parameter e C controls the significance of the shear-thinning effect; in which this parameter the larger it is, the stronger the shear-thinning behaviour becomes. A value of e C = 0 represents Newtonian behaviour. It is an advantage for foam to be a shear thinning fluid for improved sweep efficiency purposes in reservoir applications. This is because near the injection wellbore where the velocity is high, the apparent foam viscosity will be low and thus, the injectivity will be high [START_REF] Ashoori | Dynamic foam behavior in the entrance region of a porous medium[END_REF]. However, deep in the reservoir, the apparent foam viscosity will be high, and therefore foam will act as an efficient mobility control agent.

Overview of the Core-flood Experiments

Materials and Methods

Brine was prepared by adding sodium chloride (NaCl, Merck) at a fixed concentration of 3 wt% in de-ionized water (pH=6.8±0.1). Surfactant solutions with different surfactant concentrations were prepared with the same salinity as the brine. Normal hexadecane (n-C 16 )

with a density of 0.78±0.01 g/cm 3 was used as model oil. The surface and interfacial tensions were measured using a KSV Sigma tensiometer by the DuNouy ring method. Surface tension of 1.0 wt%AOS surfactant solution was 28.0 ±0.1 mN/m, and IFT between the surfactant solution and model oil was found to be 1.9 ±0.1 mN/m (both measured at 20 o C). The critical micelle concentration of AOS solution in the presence of brine was 4.0×10 -3 wt%. The properties of the chemicals used in this work are summarized in Table 1, and the physical properties of the core samples are presented in Table 2. Details of the experiment conditions and results can be found elsewhere [START_REF] Simjoo | Effects of Oil on Foam Generation and Propagation in Porous Media[END_REF]. 

Core-flooding Set-up and Procedure

The set-up used to perform the core-floods is shown schematically in Figure 1. The sequences and conditions used to conduct the core-flooding experiments are summarized in Table 3. First, air from the core sample was removed by flushing it with CO 2 at 5 bar injection pressure. Then the dry core sample was saturated by injecting approximately 10 pore volumes (PV) of brine while increasing back-pressure up to 30 bar. Back pressure was increased to ensure that any CO 2 present in the core was dissolved into the water phase (100% core saturation with brine). For each individual experiment after core was fully saturated with brine, absolute brine permeability was measured by the standard method [START_REF] Christiansen | Literature Review and Recommendation of Methods for Measuring Relative Permeability of Anhydrite from the Salado Formation at the Waste Isolation Pilot Plant[END_REF]. For the experiments in absence of oil, core was pre-flushed with a surfactant prior to foam flooding. Surfactant pre-flush was done to satisfy the adsorption capacity of the rock surface and thus to shorten the delay in foam generation. A different injection sequence was undertaken for the experiments mimicking foam EOR: after full core saturation with brine, first oil was injected into the core till connate water saturation was reached (primary drainage). Then core was water-flooded till residual oil was reached (imbibition). Next similarly to the experiments without oil, core was pre-flushed with a surfactant solution and then subjected to foam flooding. Nitrogen gas (N 2 ) and surfactant solution were co-injected at a fixed superficial velocity of 4.58 ft/day and foam quality 91%, to generate foam in-situ at a back-pressure of 20 bar at ambient temperature (21 ± 1°C). Foam quality , f g , is given by f g = q g /(q g + q l ) × 100, where q l is flow rate of the liquid phase (surfactant solution), and q g is flow rates of the gas phase (nitrogen).

Gas superficial velocity was determined from its nominal value by using two corrections:

(1) with respect to the calibration factor for the mass flow controller (MFC) towards an adjustment of the pressure before the MFC and injection pressure after the MFC (2) with respect to the adjustment of the effect of gas compressibility of N 2 due to 30 bar backpressure. For the foam-quality scan experiment with the low and high-quality regimes, the foam quality was controlled by varying the relative rates of injection of N 2 gas and AOS solution at a constant superficial velocity.

Results and Discussion

Numerical Modelling of Foam Flooding in Absence of Oil

The objective of this section is to model the dynamic of foam generation and propagation in porous media in the absence of oil at the transient and steady-state flow conditions. We then model the effect of surfactant concentration on the pressure-gradient build-up during the foam flow. We illustrated the dynamics of foam generation and propagation in the porous media by the mobility reduction of full-strength foam, surfactant concentration effect, the limiting water saturation at which foam collapses, and the parameters governing foam destruction at limiting capillary pressure. To this end, we demonstrated the determination of dedicated parameters to the aforementioned characteristics of foam flow for the LE-IT foam model. First, parameters of the water saturation dependent function (F 1 ), and also the parameters of capillary number dependent function (F 4 ) were obtained by modelling the pressure gradient core-flood data of one scan of N 2 -foam quality at a fixed superficial velocity. In the absence of oil at a fixed surfactant concentration and total velocity, the LE-IT foam model related the foam mobility reduction factor, FM presented in Eq. ( 2), only to two functions of water saturation and capillary number as follows:

1

1 1 0.5 * max , (8) 
In the absence of foam, Corey-type relative permeability for water and gas phases were used as follows:

1 (9) 1 1 (10)
where and are the endpoint relative permeabilities for water and gas, respectively, and are the corresponding exponents, is connate water saturation and is residual gas saturation. The LE-IT foam model captures the value of each function to a maximum of unity. Thus, the value of the reference capillary number ( ) was set equal to the lowest capillary number expected in the simulations, where below this value ( ), shear-thinning behaviour in the low-quality regime does not exist (Boeije & Rossen, 2015).

This implies that was not considered a foam matching parameter while other four independent parameters , * , , and were considered fitting parameter in the low and high-quality regimes of foam flooding in porous media. To determine these parameters, a non-linear least-square optimization was used in which all the four foam parameters were computed simultaneously. For this, an initial guess and an allowed range were considered for each parameter. Table 4 presents the input parameters of rock-fluid properties, relative permeability parameters of gas and liquid phases (Eqs. ( 9) and ( 10)), and conditions of the foam flooding experiment that were implemented in the numerical simulation. In order to compute the capillary number, a function describing the dependence of the gaswater surface tension versus surfactant concentration was implemented. Then, the stabilizing effect of the surfactant concentration on the generated foam was modelled using the dependence of capillary number due to the variation of gas-water surface tension. The values of the foam matching parameters obtained by least-square optimization method are summarized in Table 5. Numerical simulation of the foam flooding pressure drop of foam-quality scan experiment without oil is shown in Figure 2. It demonstrates a very good fit of the simulations to the experimental data was obtained. 5. Numerically simulated behaviour of foam-quality scans at a fixed superficial velocity that are higher and lower superficial velocities than the experimental condition are also shown in this figure.

Calculated pressure drops from numerical simulation for higher and lower total superficial velocity than the experimental results are also presented in Figure 2. It illustrates that the rheological characteristics and foam-flow regimes in a foam quality-scan experiment with the different velocities can also be captured by the numerical results, where the pressure gradient first increased with increasing foam quality, and then the pressure gradient decreased due to the foam dry-out. The constant of driving foam evolution (f w ) of foam dry-out function was not considered a large value for the set of data examined in this work, because the transition from low-quality to high-quality regime is not abrupt and the generated foam does not collapse at a constant water saturation as shown in Figure 2 [START_REF] Kapetas | Effect of Permeability on Foam-model parameters -An Integrated Approach from Coreflood Experiments through to Foam Diversion Calculations[END_REF]Rossen & Boeije, 2015).

In order to test the capability of the LE-IT foam model to describe the effect of the surfactant concentration, numerical simulation of the pressure drop for foam flooding at two different concentrations was performed. Five foam model parameters of dry-out function (F 2 )

and gas velocity effect (F 4 ) determined from the previous simulation of foam flood at low/high-quality regimes were used. Then, the reference surfactant concentration and the exponent of the surfactant-effect function (F 1 ) of the foam model, by fitting to the experimental data of pressure drop of foam flow at two different concentrations were estimated as earlier presented in Table 5. The foam existence was considered to be a function of the surfactant (foaming agent) concentration and water saturation. Figure 3 shows numerically calculated pressure drop versus experimental data at transient and steady-state regimes for 0.5 wt% and 1.0 wt% surfactant concentrations. state conditions. However, initiation of foam generation and propagation by the model are slightly higher than those obtained experimentally. Simulated pressure drop profile in the case of the lower surfactant concentration (0.5 wt%) at the earlier time of the transient state mimics less features of the experimental results due to the delayed foam generation.

Simulation of Foam Flooding in Presence of Oil

The objective of this section is the numerical simulation of the core-flood experimental data of immiscible foam flooding during the displacement of the water-flooded remaining oil.

Modelling foam propagation through the porous media in the presence of oil is essential to predict the performance of the immiscible foam EOR process. In this section, we assumed that the destabilizing effect of oil on the foam is a function of oil and water saturations. The total foam coalescence rate is the summation of the coalescence rate due to the water dry-out near the limiting water saturation (Eq. ( 4)), and also due to the presence of oil (Eq. ( 5)).

Table 6 summarizes the input parameters, and other conditions of the foam flooding experiment that were implemented in the numerical simulation. The reservoir model used for the vertical one-dimensional simulation of the core-flow system had dimensions 1×1×100 grid blocks. No-flow boundries were imposed on the lateral sides of the core sample along with in-and out-flow conditions. Reservoir model was isothermal with the temperature constant at 22°C, the initial pressure of 20 bar, the porosity of 23% and the permeability was 2.1 Darcy. Immediately before foam flooding, the reservoir model was at the water-flooded residual oil saturation (S or =0.44), with no gas initially present in the core. The injector and producer were placed at opposite ends of the reservoir model, and injection rate was performed at a rate of 4.2 ft/day. The maximum bottom-hole pressure (BHP) in the injector and producer was set 50 bar and 30 bar, respectively. N 2 gas and surfactant solution were co-injected at a fixed gas fraction into the flow system of the reservoir model with a uniform water fraction of 0.09 (foam quality of 91%). The binary relative permeability curves between gas/oil and water/oil were used for the 1D displacement simulation. A Corey-type equation was used to describe the relative permeabilities. The binary relative permeability curves were combined into a ternary relative permeability function using a three-phase model of Stone I (Stone, 1973). The three-phase oil relative permeability was computed with the Stone I model and applied to calculate the residual oil saturation parameter. The effects of oil saturation on foam was incorporated by implementing the parameters of F 3 function (Eq. ( 5)) as presented in Table 7.

It is essential to note that the F i in the FM function were multiplied together. Then, if several parameters are not favorable, then the foam stability will be strongly impacted. Figure 4 shows a good match of the simulated and measured oil recovery by immiscible foam flooding. However, there is a small discrepancy between the numerically calculated and measured oil recovery data between 1.5 and 3.0 PV, most likely due to the lower oil relative permeability during the three phase flow of oil displacement experiment by foam flooding [START_REF] Heins | Oil Relative Permeability During Enhanced Oil Recovery by Foam Flooding Coreflood Experiments[END_REF][START_REF] Simjoo | Modeling of Foam Flow Using Stochastic Bubble Population Model and Experimental Validation[END_REF]. Thus, this plot (Figure 4) demonstrates an acceptable fit to the series of pressure drops and oil recover factor at both the transient and steady-state conditions of foam generation and propagation through the porous media. Figure 5 compares the oil-cut (normalized oil production rate) profile obtained from numerical simulation with those obtained from the experiments. The numerically predicted oil-cut profile is in a good agreement with the one obtained from the experiment. In the first 1.2 pore volumes, the oil-cut increases until it reaches a peak value of 54 % and then decreases towards 5.8% over more than 15 pore volumes. Visual inspection of the effluents showed that in the first 1.8 PV clean oil was produced while after oil was produced as an oilin-water emulsion [START_REF] Simjoo | Effects of Oil on Foam Generation and Propagation in Porous Media[END_REF]. This means that foam flooding first induces the formation of an oil bank and then, after the breakthrough of the trailing edge of the oil bank, the diffuse oil is obtained as a dispersed phase. The above oil production features due to foam flooding, i.e. oil bank followed by a long tailing oil recovery, were captured remarkably well by the numerical simulations. The tailing oil production occurred during the highest capillary number (or pressure build-up, see Figure 5), and produced oil was attributed to the emulsified oil. The desaturation of the oleic phase from the core can also be elaborated from the series of CT scan images obtained during foam flooding as presented in Figure 6. The red color corresponds to the liquid phase consisting of residual oil plus surfactant solution. As gas and surfactant solution were co-injected from the top of the core, the intensity of the orange colour 

Conclusion

The study presented in this work demonstrated an integrated approach for the numerical simulation of foam transport in porous media with and without the oleic phase. First, the LE- Two distinct regimes of incremental oil production were captured by the numerical simulation, first by the formation of an oil bank and then followed by a long tail production.

The results of this study showed that the developed numerical model reproduced the main feature of the transient and steady-state foam flow regimes in presence of oleic phase. This was supported by a good match between pressure and oil recovery profiles obtained numerically with those obtained from the foam flooding EOR experiment in the Bentheimer sandstone core samples. The small discrepancy between the numerically calculated and measured oil recovery data, most likely was due to the lower oil relative permeability during the three phase flow of oil displacement experiment by foam flooding.

Nomenclature

SI units are assumed for all parameters used in calculations.
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Figure 1 :

 1 Figure 1: Schematic of the experimental set-up used to perform the core-flooding experiments. The core-holder was held vertically on the bench of the CT scanner.
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Figure 2 :

 2 Figure 2: History match of the pressure drop of foam-quality scan experiment without oil at fixed total superficial velocity (U g + U w ) (at 4.58 ft/day and 91% foam quality) in Bentheimer core by the LE-IT foam model and the simulation parameters presented in Table5. Numerically simulated behaviour of foam-quality scans at a fixed superficial velocity that are higher and lower superficial velocities than the experimental condition are also shown in this figure.

Figure 3 :

 3 Figure 3: Comparison of numerically calculated and measurement pressure drops of foam flooding in the absence of oil at two different surfactant concentrations. Total superficial velocity and foam quality at injection side of the core was fixed at 4.58 ft/day and 91%, respectively.

Figure 4

 4 Figure 4 compares the pressure drop and oil recovery factor (with respect to OIIP) obtained from numerical simulation and the experiments. The results show a good qualitative agreement between the simulated and measured pressure drop data. The simulated pressure drop increased until reaching a minimum-pressure gradient to generate strong foam in the transient state, and after pressure drop raised, then levelled off to a plateau value during the steady-state condition of foam flow regime. One can see small fluctuations in the pressure drop after the chemical breakthrough for the experimental data and modelling results. Also

Figure 4 :

 4 Figure 4: Comparison of numerically calculated and measured pressure drops and oil recovery factor (OIIP) during oil displacement by foam flooding.

Figure 5 :

 5 Figure 5: Comparison of numerically calculated and measured oil-cut by foam flooding.

  diminishes from the left to right progressively in favour of more blue, corresponding threephase flow. This gives a qualitative impression of the change in fluid saturations including oil saturation in the core.

Figure 6 :

 6 Figure 6: CT images obtained during foam flooding in a core containing water-flooded residual oil[START_REF] Simjoo | Effects of Oil on Foam Generation and Propagation in Porous Media[END_REF]. The red colour stands for the water-flooded core including residual oil saturation, and the blue colour indicates the presence of the foam phase. Foam was injected from top to bottom to ensure gravity stable conditions. Foam breakthrough occurred at 0.63±0.02 PV.

  IT foam model was matched to the foam core-flood experiments in the absence of the oleic phase by taking into account the foam dry-out phenomena, rheological characteristics along with shear thinning properties and foam-quality regimes. The parameters of the watersaturation and the shear-rate dependent functions (F 2 and F 4 ) were determined by historymatching the foam quality-scan data at the steady-state condition, in the low/high quality regimes. The corresponding parameters of F 2 and F 4 functions were then used to model the effect of surfactant concentration on the pressure build-up induced by foam. The parameters of the surfactant-concentration dependent function (F 1 ) were obtained by matching the numerical and experimental pressure drop data for the transient and steady-state conditions.The numerical simulation of foam flooding in the presence of water-flooding residual oil was performed by estimating the oil-saturation dependent function of the foam mobility interpolation factor. The numerically calculated pressure drop fitted well the experimental lab data of the transient and steady-state foam generation and propagation in the presence of oil.

Table 1 :

 1 Properties of the materials used to conduct the experiments at the ambient Temperature 21°C and atmospheric pressure

	Materials	Formulation	Molecular weight (g/mole)	Viscosity (cP)	Active (wt%) content	Supplier
	Salt	NaCl	58.50	solid	99.98	Merck
	Oil	n-C16	226.00	3.3 ± 0.01	99.99	Sigma
	Surfactant	AOS	315.00	1.08 ± 0.01	40.00	Stepan
	Gas	N 2	28.01	0.017	99.98%	3M
	Rock	mainly SiO 2	--	--	93.00%	Bentheim mine

Table 2 :

 2 Physical properties of the core samples used in the

	core-flooding experiment	
	Core sample	Bentheimer
	Length (cm)	17.0±0.1
	Diameter (cm)	3.8 ±0.1
	Porosity (%)	21.0 ±0.1
	Pore volume (cm 3 )	42.5 ±0.5
	Core density (g/ cm 3 )	2.65 ±0.02
	Brine permeability (Darcy)	2.5 ±0.1

Table 3 :

 3 Overview of the experimental procedure used for the foam flooding experiments with and without oil

	Injection step sequence	Flowrate (cm 3 /min)	Back pressure (bar)	Injection direction

Table 4 :

 4 Input values of rock, fluids and relative permeability parameters in the simulation

	Input parameters	Values
	Number of grid blocks	1 1 100
	Grid block size (m m m)	0.0367 0.0367 0.0017
	Brine permeability	2.30 (Darcy)
	Porosity	0.25
	Temperature	21°C
	Brine viscosity	1.0 (cP)
	Brine density	1.0 (gr/cm 3 )
	Water compressibility factor	5.0E -5
	Gas viscosity	0.01744-0.01832 (cP)
	Surfactant concentration	1.0, 0.5, wt%
	Salinity (water flooding)	3.0 wt% (NaCl)
	Injection flowrate	1.1 (cm 3 /min)
	Producer bottom hole pressure	20 bar
	Foam injection time	20 (PV)
	Connate (irreducible) water saturation	0.15
	Residual gas saturation	0
	Water relative permeability endpoint	0.25
	Gas relative permeability endpoint	0.76
	Exponent of water relative permeability	2
	Exponent of gas relative permeability	1.3

Table 5 :

 5 Foam model parameters for the numerical modelling of foam flooding pressure drop at low/high-quality regimes in the absence of an oil phase

	Parameters

Table 6 :

 6 Input values of the parameters of the reservoir model in the simulation

	Input parameters

Table 7 :

 7 Foam model parameters for numerical simulation of the pressure drop and oil recovery by foam flooding in the presence of oil

	Parameters	Values
	Reference mobility reduction factor, M Ref	45000
	Critical oil saturation, *	0.5
	Exponent of oil effect function, e o	0.2
	Reference surfactant concentration, ,	0.35 wt%
	Exponent of surfactant-dependent function, e s	0.5
	Reference capillary number,	9.78E -6
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