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salinity of the brine phase did not have remarkable effects neither on the stability to coalescence/sedimentation nor on the droplet size distribution of the emulsions prepared. Oscillatory rheology illustrates that addition of clay particles boosts fluids thixotropic properties which experienced full recovery of gel strength even after aging. The drilling fluids prepared were aged for 16 hours at 350 °F (177 °C) and 500 psi (35 bars) and provided high stability contrary to surfactant stabilized Oil-Based-Mud (OBM) that failed completely after aging.

Résumé

Ce travail présente une nouvelle frontière pour la synthèse d'une nouvelle génération de fluides de forage pétrolier sans surfactants/émulsifiants pour des applications dans le forage des puits profonds et ultra-profonds. Cette nouvelle génération consiste à l'introduction des émulsions Pickering dans la formulation des fluides de forage. Ces dernières sont des émulsions stabilisées uniquement par des particules solides (dans ce cas des particules de silice). Différents types de nanoparticules de silice de différentes hydrophobicités ont été utilisés pour stabiliser des fluides de forage de types huile-dans-l'eau et eau-dans-l'huile. Ces fluides ont été conçus pour être utilisés dans des conditions hostiles de température et de pression. Par conséquent, une caractérisation concrète de leur stabilité ainsi que leurs propriétés rhéologiques sous ces conditions extrêmes étaient obligatoire. Par suite, les profils rhéologiques de ces fluides reflétant leurs capacités de nettoyage du trou, leur coulabilité ainsi que leurs capacités de transporter les débris jusqu'à la surface ont été établis. D'autre part, la stabilité électrique des émulsions ainsi que leurs morphologies (distribution de la taille des gouttelettes) ont été étudiés et une comparaison avec celles préparées par des agents tensioactifs a été établie. Les fluides ont été exposés à un processus de vieillissement qui permet d'étudier l'effet de l'environnement du réservoir hostile sur la stabilité et la rhéologie des nouveaux fluides préparés. Ces fluides de haute qualité ont été vus très fiables offrant une grande stabilité ainsi que de haute capacité à résister à des conditions extrêmes de réservoir donnant lieu à une nouvelle génération de fluides de forage permettant la rupture des frontières de réservoirs profonds et ultra-profondes.

Mots-Clés : Emulsions, Emulsions Pickering, Fluides de Forage, Rhéologie, HTHP, Vieillissement statique.

Abstract

A novel generation of drilling fluids based on the principle of Pickering emulsions was prepared in this work using three different types of commercial silica nanoparticles with various hydrophobicity and particle sizes. We demonstrated that a threshold of nanoparticles concentration was necessary to stabilize the emulsions which strongly depended upon the particles wettability (hydrophobicity) and sizes. Nonetheless, on increasing the water phase volume fraction, a catastrophic inversion from water-in-oil (W/O) to oil-in-water (O/W) was obtained for emulsions prepared using amphiphilic silica nanoparticles. Particles wettability has proven to be strongly affected by the pH of the aqueous phase. However, changing the

Introduction

The ever-increasing demand for energy, coupled with depletion of accessible reserves worldwide, is expected to uphold the growing interest in discovering unconventional plays that have the potential to drive oilfield operations into new technology frontiers. According to the U.S. Department of Energy (DOE), 67 % of all U.S. oil remains in place and will increasingly require advanced technologies to recover it. Thus, Oil and Gas development from exploration to drilling, to exploitation and production, is facing increasing technical challenges regarding changes in the operational depth, maximization of production, the complexity of drilling operations and the shape of wellbore profiles. Hence, all lead to an increase in operating costs and limit drilling and production technology development.

From the U.S. Energy Information Administration (EIA) (www.eia.gov), the drilling process comprises eighty percent of well cost. Thus, each successful drilling operation requires specialized drilling fluids to fulfill these objectives [START_REF] Caenn | Composition and Properties of Drilling and Completion Fluids[END_REF].

Drilling fluids should perform mandatory functions while drilling, such as: cutting removal, lubricating drilling tools, preserving wellbore stability and minimizing formation damage etc [START_REF] Rogers | Composition and Properties of Oil Well Drilling Fluids[END_REF].

Many drilling mud types can be formulated to serve drilling needs. Depending on the characteristics of the base fluid, drilling fluids are classified into two main categories: Water-Based-Mud (WBM) and Oil-Based-Mud (OBM) (Aqueous and Non-aqueous respectively). However, at high temperature and high pressure, drilling fluids are likely to exhibit thermal degradation and breakdown of surfactants/emulsifiers leading to drastic inconveniences such as sagging, syneresis and formation damage etc [START_REF] Garcia | Boues de forage[END_REF]Parigot 1968, Davison et al. 1999).

Emulsions stabilized solely by solid particles or Pickering emulsions [START_REF] Ramsden | Separation of Solids in the Surface-Layers of Solutions and 'Suspensions' (Observations on Surface-Membranes, Bubbles, Emulsions, and Mechanical Coagulation). --Preliminary Account[END_REF]) are based on the principle of strong adsorption of solid particles at the oil/water interface resulting in an insoluble solid skin around each dispersed droplet. However, this strong adsorption is governed by the surface nature of the particles and a relevant parameter is their contact angle (θ). In other words, the ability of particles to stabilize an emulsion depends on its wettability by both phases of the emulsion.

In many ways like the surfactants Hydrophilic-Lipophilic-Balance (HLB) number, the contact angle determines the type of the emulsion that particles can stabilize. Particles with contact angle, measured into the water phase, less than 90° tend to stabilize O/W emulsions and they are said to be hydrophilic. However, those with θ˃90° tend to stabilize W/O emulsions and they are said to be hydrophobic.

Ramsden was the first to adopt this subject and proved that solid particles can stabilize emulsions [START_REF] Ramsden | Separation of Solids in the Surface-Layers of Solutions and 'Suspensions' (Observations on Surface-Membranes, Bubbles, Emulsions, and Mechanical Coagulation). --Preliminary Account[END_REF]. Nonetheless, several studies (Binks and Lumsdon 2000;[START_REF] Aveyard | Emulsions stabilised solely by colloidal particles[END_REF][START_REF] Binks | Nanoparticle silica-stabilised oil-in-water emulsions: improving emulsion stability[END_REF][START_REF] Binks | Effect of pH and salt concentration on the phase inversion of particle-stabilized foams[END_REF]) have widely characterized the effect of particles wettability (hydrophobicity) and sizes on the stability to creaming/sedimentation of oil-in-water (O/W) and water-in-oil (W/O) emulsions.

Pickering emulsions have recently entered the oil and gas sector [START_REF] Nabhani | The potential impact of nanomaterials in oil drilling industry[END_REF][START_REF] Amanullah | Nano-technology-its significance in smart fluid development for oil and gas field application[END_REF]Kong and Ohadi 2010;[START_REF] Mostafavi | Design and Application of Novel Nano Drilling Fluids to Mitigate Circulation Loss Problems during Oil Well Drilling Operations[END_REF][START_REF] Zhang | Nanoparticle-stabilized emulsions for applications in enhanced oil recovery[END_REF]. However, few works have been published on the ability of replacing conventional surfactant-stabilized OBM by Pickering emulsions [START_REF] Hoelscher | Applications of micro and nano technologies in the oil and gas industry[END_REF]. Graphene Oxide (GO) nanoparticles were used to enhance the drilling fluids viscosity profile. However, they had a critical issue in long-term stability and never been tested at high-temperature highpressure (HTHP) [START_REF] Anderson | Wettability literature survey-part 2: Wettability measurement[END_REF], Sharma 2014[START_REF] Agarwal | Nanoparticle-Stabilised Invert Emulsion Drilling Fluids For Deep-Hole Drilling Of Oil And Gas[END_REF], Wagel et al. 2015). Nonetheless, Carbon nano-tubes (CNTs) were proven to enhance the rheological profile of drilling muds at under extreme HTHP (600 °F). However, they had high fluid loss control issues as well as they were not used to stabilize the emulsions [START_REF] Kwok | Contact angle measurement and contact angle interpretation[END_REF]. The synthesis of a new generation of drilling fluids is capable of withstanding ultra-deep hostile reservoir environments. In this work, three types of silica nanoparticles were used and characterized for the preparation of different drilling fluids. The effect of nanoparticles concentration, oil-water-ratio (OWR), pH of water and brine phase salt concentration were characterized. Their effects reported were: the stability to coalescence/sedimentation, Electrical Stability (ES), the morphology and the fluids rheology. The new generation drilling fluids were aged at 350 °F (177 °C) and 500 psi (35 bars) for 16 hours and compared with surfactant-stabilized OBM.

Materials and Methods

Materials

Amodrill 1100 synthetic olefin oil purchased from INEOS Oligomers was used as continuous phase for invert emulsions. It has a viscosity of 2 mPa.s at 104 °F (40 °C), a density of 0.8 kg/m 3 and a boiling point of 534 °F (279 °C). Deionized water was used as dispersed phase which was passed through an osmosis unit and then a Milli-Q reagent water system. Three hydrophobic silica nanoparticles were used (AEROSIL R104, HDK H20 and HDK H17) which properties are presented in Table 1. AEROSIL R104 (Evonik Industries) are fumed silica nanoparticles treated with octamethylcyclotetrasiloxane. However, HDK H20 and HDK H17 (Wacker Chemie) are treated with dimethydichlorosilane reagent. All nanoparticles are treated to different extents, which are reported in Table1 by their carbon content as given by the purchasing companies.

The formulation of surfactant-stabilized and solid particle-stabilized drilling fluids include the use of organophilic clay. Thus, ORS VIS, surface modified organophilic clay was used to enhance the thixotropic properties of the emulsions provided by ORS. On the other hand, ORS MUL I and MUL II are respectively the primary and secondary emulsifiers used in this work and were provided by ORS.

Methods

1.2.a. Sample Preparation

Dispersions of hydrophobic silica nanoparticles (R104, H20 and H17) in oil were prepared by dispersing a known amount of powder in 16 cm 3 of oil using a high-intensity ultrasonic processor (Sonics & Materials, tip diameter 13 mm), operating at 20 kHz and up 35% of the maximum ultrasonic power of 750 W for 20 seconds. Pickering emulsions were prepared by adding slowly 4 cm 3 of deionized water to each of the prepared dispersions while ultrasonicating for 3 minutes. During sonication, samples were immerged in an ice bath to avoid any overheating. The resulting emulsions -white in appearance -were transferred into glass vessels and thermostated at 25°C. It should be noted that the amount of nanoparticles reported in this work is calculated based on the amount of oil used. For the primary tests and for simplicity reasons an OWR of 80:20 was used.

The types of the emulsions (water-in-oil or oil-in-water) were obtained by observing what happened when a drop of each emulsion was added to a volume of either pure oil or pure water (Binks and Lumsdon 2000). W/O emulsions dispersed in oil and remained as drops in water. However, O/W emulsions dispersed in water and remained as droplets in oil. The pH of the water phase was adjusted using NaOH and HCl and varied from 3.5 to 12. The dilution and pH adjustment were achieved at NaOH and HCl concentrations such that the final volume of the dispersion was at the required pH. Nonetheless, CaCl 2 salt was used for the preparation of the brine phase. The salt concentration was varied between 0, 5, 15 and 25 wt.%.

1.2.b. Rheology Measurements

Rheological properties of the emulsions prepared were measured using an Anton Paar MCR 302 rheometer coupled with a double-gap cell. Flow curve measurements were used to predict the flow properties of the samples. For that, a rheological model was mandatory; thus, the Herschel-Bulkley model (Eq. 1) was used for offering the best fit to the experimental data obtained. However, it does not give a simple prediction of the plastic viscosity. Therefore, the Bingham-Plastic model (Eq. 2) was as well used.

Herschel-Bulkley Model:

τ = τ 0 + K.γ n …………………………………………………………………………………. (1)
Bingham Plastic Model:

τ = YS + PV.γ ……………………………………………………………………………… (2)
Where τ is the shear stress (Pa), τ 0 is the Herschel-Bulkley yield stress (Pa), γ the shear rate (s -1 ), K the consistency index, n the flow index, YS is the Bingham-Plastic yield stress (Pa) and PV is the Bingham-Plastic plastic viscosity (mPa.s) Oscillatory rheology was used to measure the visco-elastic behavior of the fluids. That was manifested by exposing a sinusoidal strain at a constant angular frequency of 10 rad/s. From this type of experiment the storage modulus (G') and the loss modulus (G") could be determined. Thereafter, the fluids were sheared at high shear rate to break the gels structure already formed. Finally, the same initial strain was re-applied to measure the ability of the fluids to recover their initial properties after 10 s and 10 min and their gel strength was reported in percentage of the recovery.

1.2.c. Electrical Stability

The breakdown voltage at which the emulsion becomes conductive is an indication of the stability of a water-in-oil emulsion. Therefore, an Electrical Stability (ES) tester purchased from OFITE was used to measure the ES of the emulsions prepared. The measurement consisted of heating 50 cm 3 of each sample at 120 °F (49 °C) in a glass cup. The measuring probe was then immerged inside the sample without touching the sides or bottom of the cup. The ES measurements were reported in Volts (V).

1.2.d. Morphology

Microscopy images of the emulsions prepared in this work were obtained using the BHS Olympus microscope fitted with an E-M5II Olympus digital camera. Images were processed using ImageJ software.

1.2.e. Aging

200 cm 3 of drilling fluids were put into an aging cell and heated using a heating jacket at 350 °F (177 °C) and 500 psi (35 bars) for 16 hours. Nitrogen gas was used to pressurize the cell. Aged fluids were tested once the cell was cooled down to room temperature and depressurized. Nonetheless, the emulsions were re-mixed for 3 minutes and re-tested to see if the emulsions could recover their initial properties.

Results and Discussions

Stability to Coalescence/Sedimentation

The effect of nanoparticles concentration on the stability of Pickering emulsions is manifested by the formation of a good protective skin around each dispersed droplet, preventing any possibility of re-coalescence. Hence, by increasing the nanoparticles concentration, the particles adsorption rate at the oil-water interface increases. Therefore, smaller droplets will be generated lowering (and sometimes ceasing) the possibility of re-coalescence.

Fig. 1 shows the effect of nanoparticles concentration on the stability to coalescence/sedimentation of the emulsions prepared using the three types of silica nanoparticles described in Table 1. The stability of the emulsions was assessed by measuring the amount of oil separating on top of each sample.

For HDK H20, a concentration of 2 wt.% of nanoparticles was sufficient to generate well covered water droplets that did not show any sign of re-coalescence after homogenization. However, for both AEORSIL R104 and HDK H17, at least 5 wt.% were necessary to stabilize the same amount of water. All tests were done at a constant OWR of 80:20. This difference in nanoparticles concentrations between the various types of silica particles could be related to the difference in wettability and particle size. This could be the effect of different Silane agents having different effects on the wettability of the particles. Thus, H20 which was treated with dimethyldichlorosilane showed a higher affinity to water than R104 which were treated with octamethylcyclotetrasiloxane. Nonetheless, H20 particles generated much higher oil viscosity than both R104 and H17, seeing as how increasing the oil continuous phase viscosity lowers the sedimentation rate and thus helps in stabilizing the emulsions.

Hence, for a further characterization of the particles wettabilities, the contact angles of the particles should be measured with different techniques (Anderson 1986, Kwok and[START_REF] Kwok | Contact angle measurement and contact angle interpretation[END_REF]. However, the aim of this work is to formulate stable drilling fluids based on the principle of Pickering emulsions, for which, knowing the corresponding colloidal concentrations responsible for their stabilities was sufficient.

Furthermore, three emulsion systems were established and used for the rest of this work. For all emulsions prepared with HDK H20, 2 wt.% of colloidal particles was used. However, for both R104 and H17, a concentration of 5 wt.% was used instead.

Effect of Oil-Water-Ratio (OWR)

A full characterization in the possibility of using Pickering emulsions for the preparation of drilling fluids imposes the study of the effect of varying the water phase volume fraction (ϕ w ). That was done by diluting the samples while maintaining at the same time a nanoparticles-tooil constant ratio.

The effect of the aqueous phase volume fraction was assessed on both the arithmetic mean particle diameter as well as on the electrical stability of the emulsions prepared. Fig. 2, showed that, for all systems, increasing ϕ w lead to an increase in droplet sizes. That can be explained by the fact that decreasing the OWR results in reducing the distance between the water droplets in the oil continuous phase. This induces a lesser amount of nanoparticles at the oil-water interface which in return enhances the possibility of re-coalescence. However, not all systems have undergone the same changes. For R104, it was seen that the mean droplet diameter has increased from 1.83 µm to 3.95 µm at OWRs of 90:10 to 50:50 respectively, maintaining a W/O emulsion type even at an OWR of 50:50. Nonetheless, H17 particles followed the same trend with a higher increase in the droplet size especially at 0.4 ≤ ϕ w ≤ 0.5, and the emulsions remained W/O. For HDK H20, at 0.1 ≤ ϕ w ≤ 0.2, the droplet size did not change significantly. However, a remarkable increase in the droplet mean diameter from 2.41 µm to 7.14 µm at 0.2 ≤ ϕ w ≤ 0.3 was obtained. A further increase in the arithmetic mean droplets diameter was obtained for OWRs of 60:40 and 50:50, manifested by a catastrophic inversion that started around the OWR 70:30. Thus, emulsions prepared with HDK H20, at ϕ w ˃ 0.4, were definitely O/W. However, at 0.3 ≤ ϕ w ≤ 0.4, the emulsion was most probably oilin-water-in-oil. On the other hand, Fig. 3 shows the microscopy images of the emulsions prepared at different OWRs. It is remarkable that an increase in the droplet sizes was obtained upon increasing the water volume fraction. Nonetheless, the particles are more compact which enhances the possibility of re-coalescence. However, it is clear that for the H20 particles, a significant increase in the droplets sizes was obtained at the 'critical' water volume fraction at the limit of the catastrophic inversion (ϕ w = 0.4).

The electrical stability measurements (Fig. 4) were in accordance with the results obtained in Fig. 2. Thus, a decrease in the ES stability was obtained while increasing ϕ w . Consequently, the formation of larger droplets allowing to easily forming bridges between the two electrodes giving lower electrical stability values. Hence, for both R104 and H17 particles, the stability of the emulsion decreased significantly while increasing the water fraction from 0.1 to 0.3. However, for H17, the ES stability decreased from 1022 V at ϕ w = 0.1 to almost stabilize at 503.5 V at an OWR of 70:30. This difference in stabilization mechanism can be related to the difference in particles wettability which can react differently to the increase of the water phase volume fraction.

Nonetheless, for the HDK H20, it was seen that the ES values deteriorated rapidly from a value of 1999 V (maximum) at ϕ w = 0.1 to 8V at ϕ w = 0.5, assuring that a catastrophic inversion took place to form an oil-in-water (O/W) emulsion which was in accordance with the results obtained by Binks et al. (Binks et al. 2000).

Effect of the Aqueous Phase Composition

2.3.a. Effect of pH of Water

It is well-known via zeta potential measurements [START_REF] Binks | Effect of pH and salt concentration on the phase inversion of particle-stabilized foams[END_REF]) that uncharged silica particles tend to be more hydrophobic than those charged. Nonetheless, the pH of the water phase has a direct influence on the particles charges as silica particles surface charges are very sensitive to pH changes in water. Therefore, the effect of pH on the stability and performance of the Pickering stabilized OBM was assessed via changing the pH of the water phase between 3.5, 5, 7, 10.5 and 12. Hence, the electrical stability and the morphology (variation of the droplets sizes) of the emulsions were reported. It should be noted that all emulsions were prepared at a constant OWR of 80:20.

Starting with HDK H20, increasing the pH from 3 to 7 enhanced the electrical stability of the emulsions prepared (Fig. 5). However, upon increasing the pH from neutral to 12, a decrease of the electrical stability of the emulsions with this type of nanoparticles was seen. That could be related to the increase in hydrophilicity of the particles which may cause the particles to be forced into the water phase at high pH. Nonetheless, this vital change in the electrical stability measurement obtained with this system can be referred to irreversible surface reactions that took place at high pH values which decreased the hydrophobicity of the grafted silica particles. On the other hand, HDK H17 and AEROSIL R104 did not have such behavior. For these types of nanoparticles, the electrical stability of the emulsions was enhanced while increasing the pH of water. This could be the result a decrease in the hydrophobicity of the particles to have a higher affinity to water, increasing by that the adsorption rate at the oil/water interface. This was confirmed by the microscopy images presented in Fig. 6 and was in accordance with the results obtained by Binks [START_REF] Binks | Effect of pH and salt concentration on the phase inversion of particle-stabilized foams[END_REF]) using fumed silica nanoparticles for particle-stabilized foams. For HDK H20 particles, for 3.5 ≤ pH ≤ 7, the droplets sizes seem not to change. However, for pH ˃ 7, particles tend to coalesce leading to the formation of larger droplets especially at pH = 12. However, for both AEROSIL R104 and HDK H17, an increase in the pH of the aqueous phase lead to a decrease in the particles size of the droplets enhancing at the same time the stability of the emulsions.

2.3.b. Effect of salt concentration

The effect of variation in salinity of the aqueous phase for W/O emulsions can have a complete different effect than that on O/W emulsions. In the latter, nanoparticles are dispersed in the aqueous phase, thus they are directly affected by the change in pH as well as the salt concentration. However, in W/O emulsions, nanoparticles are dispersed in the oil continuous phase and their adsorption at the water interface differs with their wettability (contact angle). For example, silica particles tend to solubilize into water at high pH values. However, no such effect was seen in this work and because particles were dispersed in the oil phase and their contact with the water phase could be limited to their different degree of hydrophobicity (contact angle).

In this work the salt concentration was varied between 0, 5, 15 and 25 wt.% and the salt used was CaCl 2 as it is known for the preparation of the brine phase of Oil-Based-Mud (OBM). As described earlier, the effect of adding salt was reported on both the stability of the emulsions via the electrical stability measurements as well as on the droplet size distribution which was assessed by microscopy images. Fig. 7 showed that for all samples prepared, increasing the salt concentration lowered the electrical stability of the emulsions. However, the emulsions remained stable and no separation occurred. That can be explained by the flocculation behavior of the particles that occurred while increasing the salt concentration. No significant change was seen on the morphology of the emulsions while increasing the salt concentration. That was related to the fact that dissolved salts did not have significant effects on the particles wettability (particles charges) to induce any changes in the particles size distributions.

2.3.c. Effect of Adding Clay Particles

Clay particles are usually added to drilling fluids for their ability to generate high gelstructures as well as thixotropic properties contributing into a better drilling operation (Rate-Of-Penetration [ROP], hole cleaning …). This is coupled with their Cation-Exchange-Capacity (CEC), which allows them to hydrate (swell) when getting in contact with water [START_REF] Youngsoo | Effect of Nanoparticle-Additives on the Rheological Properties of Clay-Based Fluids at High Temperature and High Pressure[END_REF]. The hydration of the clay particles is controlled by the type and amount of cations associated with them.

In this work, surface modified clay particles (ORS VIS), were added to each of the three systems already described before. Nonetheless, these systems were compared with surfactantstabilized OBM and reported in terms of electrical stability as well as rheological properties.

Fig. 8 andTable 2, show the flow curves (shear stress in function of shear rate) of all the samples prepared and their rheological properties respectively. As aforementioned, two rheological models were used to measure the rheological properties of the fluids, the Bingham-Plastic (BP Model) and the Herschel-Bulkley (HB Model). The latter was more adapted and fitted better the flow curves obtained. However, it does not provide a simple measurement of the plastic viscosity, thus the usage of the BP model.

As it can be seen, all samples showed a good shear-thinning behavior as the viscosity decreased while increasing the shear rate. This behavior was complementary with the thixotropic properties measured. It was clear that the addition of clay particles highly increased the rheological properties of the samples. On the other hand, it should be noted that for the preparation of the surfactant-stabilized OBM, the same amount of clay particles was used (2 wt.% ORS VIS).

Effect of Aging

Surfactants tend to degrade at high pressure and high temperature. Thus, the aim of this work was to replace them with solid silica nanoparticles for their ability to withstand elevate temperature and pressure conditions without losing their emulsifying properties. Therefore, samples were prepared with and without clay particles and aged at 350 °F (177 °C) and 500 psi (35 bars) for 16 hours. The electrical stability, morphology as well as the rheological properties of the samples were presented for tests done before/after aging and after rehomogenization.

2.4.a. Without Clay Particles

Figs. 9a, 9b and 9c shows the flow curves (shear stress vs. shear rate) of the samples prepared without clay. The corresponding rheological properties were reported in Table 3.

For all samples tested, the plastic viscosity and the yield stress decreased after aging.

However, emulsions prepared with H20 presented a big loss of their yield stress that could not be recovered even after re-homogenization. Nevertheless, the other samples seemed to recover most of their properties after re-mixing of the emulsions. Regarding the gel structure of the fluids, Table 4 presents the gel strength at 10 s and 10 min of all three samples. It is remarkable that the gel strength of the samples prepared with H20 deteriorated after aging from 81.1 % to 35.7 % (for the gel 10 s) and did not recover completely to reach 40.6 % after re-homogenization. However, all samples completely recovered their gel structure after 10 minutes after re-homogenization of the emulsions.

2.4.b. With Clay Particles

The effect of adding clay particles on the rheological properties of the emulsions was already seen in Fig. 8 and Table 2. Hence, the effect of aging on rheology as well as the electrical stability and the morphology of these emulsions were reported.

Table 5 shows the effect of aging on the rheological properties of samples prepared with clay particles. It should be noted that rheological losses occurred after aging. However, the existence of clay particles enhanced the recovery of the structures especially that of the gel strength measured and reported in Table 6. On the other hand, the surfactant-stabilized OBM separated completely after aging and did not re-emulsify even after mixing indicating the degradation of the surfactants at high pressure and high temperature.

The electrical stability of all samples was also affected by the aging process of the emulsions. Thus, the measurements were presented in Table 7. It can be clearly seen that a decrease in the electrical stability is obtained after aging for all samples. However, after rehomogenization, most of the samples recovered most of their initial stability where the surfactant-stabilized OBM failed completely after aging.

HTHP Rheology

Although HPHT wells are fundamentally constructed, stimulated, produced and monitored in a manner similar to wells with less-demanding conditions, the HPHT environment limits the range of available materials and technologies to exploit these reservoirs. The effect of temperature and pressure on the properties of drilling fluids does not summarize in the stability of the fluids under these conditions but exceeds to reach the ability of these fluids to address their main functions. Pressure and pressure variation have only a slight effect on rheological properties of fluids. Emphasis is placed on the influence of temperature on the rheological properties of drilling fluids. Thus, Fig. 11 shows the effect of temperature on the plastic viscosity and the yield stress measured with the Bingham Plastic model at a constant pressure of 75 bars.

It is clear that for all samples the viscosity of the fluids decreased with increasing temperature. However, it should be noted that all Pickering emulsions prepared with silica nanoparticles were prepared without clay particles where the surfactant-stabilized samples had clay particles in their structures. That explains why the surfactant-stabilized fluids had higher plastic viscosity and yield stress than those prepared with H17 and H20.

On the other hand, at temperature as high as 140 C, the surfactant tend to degrade and a phase separation occurred in the fluids that gave rise to hysteresis in the rheological profile of these fluids. However, all samples prepared with silica nanoparticles remained stable and their properties were reported as shown in Fig. 11. It is important to note that R104 gave the highest rheological properties among all samples where the yield stress of the H20 sample showed a slight increase at 180 C. This can be due to the affection of the particles surfaces at this temperature, giving higher particles interactions and thus a higher yield point.

Samples shown in Fig. 12 are of high importance for the drilling operation as the fluids (apart from the R104) conserved a plastic viscosity higher than 10 mPa.s even at temperatures as high as 180 C. However, with the R104 particles, they exhibited yield points as high as 10 Pa at 180 C. This reflects a high tendency of borehole cleaning and debris transport, two main problems faced with the surfactant-stabilized muds which impose the use of high solid contents. On the other hand, all samples prepared with the three types of silica nanoparticles showed a high stability to coalescence sedimentation even after being exposed to high temperature and pressure. Contrary to the surfactant stabilized mud that wasn't reliable at temperatures above 140 C.

Conclusions

Revolutionary Pickering synthetic-based drilling fluids for deep and ultra-deep wells were successfully synthesized in this work using three different types of commercial silica nanoparticles of various hydrophobicity.

1. A long-term stability was obtained at a calculated threshold of nanoparticles measured at a constant OWR (over 12 months). Nonetheless, the prepared drilling fluids were able to withstand water-cuts up to an OWR of 50:50. However, amphiphilic silica nanoparticles exhibited a 'catastrophic' inversion from w/o to o/w at water phase volume fractions higher than 0.4.

2. Any change in the pH or the salinity of the water phase (water invasion, contact with acid gases …) can alter the stability of the fluids via changing the hydrophobicity of the particles.

3. Good shear-thinning behavior of all emulsions was obtained upon adding clay particles. This could be seen as an enhancement of the hole cleaning capacity of the fluids once coupled with other drilling fluids properties.

4. The drilling muds prepared have demonstrated an improved ability to withstand robust downhole conditions of temperatures and pressures. Thus, almost all of the fluids have exhibited a full recovery of their rheological profiles after aging at 350 °F (177 °C) and 500 psi (35 bars) for 16 hours after a simple re-homogenization contrary to surfactant-stabilized OBM that failed completely after aging. 5. The drilling fluids prepared showed a very good shear-thinning behavior at HTHP reservoir conditions (up to 180 C at 75 bars) which makes them highly more efficient than surfactant stabilized muds that could not address their functions at temperatures above 140 C. 
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 1112 Figure 11: Effect of temperature on the rheology o drilling fluids -•-Plastic Viscosity and -■-Yield Stress

  

  

  

  

  

Table 1 :

 1 Properties of Hydrophobic Silica Particles Used.

	Code	BET surface area (m 2 /g)	Carbon content (% wt)
	name		
	AEROSIL R104	140 ± 20	1-2
	HDK H20	200 ± 30	1-1.8
	HDK H17	140 ± 20	4-5.2

Table 2 :

 2 Rheological properties of all samples prepared compared with the surfactant stabilized OBM.

		BP Model	HB Model	
	Samples	τ = YS + PV.γ	τ = τ 0 + K.γ n	
		PV [mPa.s]	YS [Pa]	τ 0 [Pa]	K	n
	Surfactant Stabilized OBM	39.8	7.7	4	1.6	0.3
	2 wt.% H20	12	3.3	3	0.03	0.82
	5 wt.% H17	17.1	1.6	1.2	0.05	0.76
	5 wt.% R104	18.5	3.3	2.7	0.08	0.76
	2 wt.% H20 + 2 wt.% ORS VIS	24.7	11.8	10.7	0.14	0.71
	5 wt.% H17 + 2 wt.% ORS VIS	60.2	35.3	25.7	2.24	0.45
	5 wt.% R104 + 2 wt.% ORS VIS	69.7	47	37.3	2.26	0.44

Table 3 :

 3 Effect of aging on the rheological properties of samples prepared without clay particles.

	Samples	2 wt.% H20		5 wt.% R104		5 wt.% H17	
	Rheological	PV	YS	τ 0	PV	YS	τ 0	PV	YS	τ 0
	Properties	[mPa.s]	[Pa]	[Pa]	[mPa.s]	[Pa]	[Pa]	[mPa.s]	[Pa]	[Pa]
	Before Aging	12	3.3	3	18.5	3.3	2.7	17.1	1.6	1.2
	After Aging	7.9	0.3	0.3	14.5	2.3	1.7	12.1	1	0.7
	After	10.3	1	0.751	16.2	3	2.4	12.2	1.1	0.7
	Re-Mixing									

Table 4 :

 4 Effect of aging on the gel strength of the samples prepared without clay particles.

	Samples	Before Aging	After Aging	After Re-
						Homogenization
	Gel Strength (%) Gel 10s Gel 10min Gel 10s Gel 10min	Gel 10s	Gel 10min
	2%wt H20	81.1	100	35.7	79.1	40.6	100
	5%wt H17	69.1	100	48.5	98.9	64.2	100
	5%wt R104	90.7	100	82.2	100	91.9	100

Table 5 :

 5 Rheology of samples prepared with clay particles before/after aging and after rehomogenization.

	Samples	2 wt.% H20		5 wt.% R104		5 wt.% H17	
		+ 2 wt.% ORS VIS	+ 2 wt.% ORS VIS	+ 2 wt.% ORS VIS
	Rheological	PV	YS	τ 0	PV	YS	τ 0	PV	YS	τ 0
	Properties	[mPa.s]	[Pa]	[Pa]	[mPa.s]	[Pa]	[Pa]	[mPa.s]	[Pa]	[Pa]
	Before Aging	24.7	11.8 10.7	69.7	47	37.3	60.2	35.3 25.7
	After Aging	15.9	6.5	5.7	47.8	23.3 13.1	45.9	15.6	8.5
	After	21.2	9.2	9	67.4	30.9 19.9	50.8	19.1	8.8
	Re-Mixing									

Table 6 :

 6 Effect of adding clay on the rheological properties of the samples before/after aging and after re-homogenization.

	Samples	Before Aging	After Aging	After Re-
						Homogenization
	Gel Strength (%) Gel 10s Gel 10min Gel 10s Gel 10min Gel 10s	Gel 10min
	2 wt.% H20	100	100	81.9	100	97.3	100
	+ 2 wt.% ORS						
	VIS						
	5 wt.% H17	100	100	90	100	98.5	100
	+ 2 wt.% ORS						
	VIS						
	5 wt.% R104	100	100	89.1	100	100	100
	+ 2 wt.% ORS						
	VIS						

Table 7 :

 7 Effect of Aging on the electrical stability of samples prepared with and without clay particles compared to surfactant stabilized OBM.

	Samples	Before	After Aging	After Re-
		Aging		Homogenization
	2 wt.% H20	1120	943.5	1065.5
	5 wt.% R104	1945	1231.5	1606.5
	5 wt.% H17	818.5	372.5	687
	2 wt.% H20	1626	841	1158
	+ 2 wt.% ORS VIS			
	5 wt.% R104	1740	1146	1432
	+ 2 wt.% ORS VIS			
	5 wt.% H17	1494	1019.5	1237.5
	+ 2 wt.% ORS VIS			
	Surfactant-Stabilized	806	Emulsions Phase	Emulsions Phase
	OBM		Separation	Separation
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