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Abstract

We report here some experimental results on the applications of metal nanoparticles for stabilizing HTHP viscosity.   Our aim is to use nanotechnology to replace polymer additives in drilling fluids since polymers lose their effectiveness at high temperature and high pressure conditions that are encountered during deep hole oil and gas drilling.   In this study we used deionized water with 1% LaponiteRD by weight as the base fluid and prepared for two different types of samples: one type contains xanthan gum with different concentrations and the other contains metal nanoparticles.   The former was prepared by simply mixing a small amount of xanthan with the base fluid, and the solution was stirred continuously for 24 hours using a magnetic stirrer.  The latter was prepared by laser ablating a metal target submerged in the base fluid. The rheological properties of the prepared samples were measured using a Brookfield DV-II Pro Viscometer with a small sample adapter (SSA18/13RPY).  The viscometer can provide a rotational speed that can be controlled to vary from 10 to 200 rpm, yielding the shear rate from 13.2 to 264 1/s.  Temperature of  a sample up to 150o C was controlled by a refrigerated circulating bath (TC-502, Brookfield).   Our preliminary results at a shear rate of 56 1/s show that, as an increase in temperature, the viscosity of fluid with 0.05% cobalt nanoparticles by weight remains stable and unchanged at about 100 cp.  As a contrast, the viscosity of fluids prepared with 0.1% xanthan gum decreases from 118 cp to 30 cp within 45 minutes.  Thus, fluids containing a small amount of nanoparticles exhibit not only excellent shear-thinning behavior but also stable rheological properties at high temperature. 
1. Introduction

In drilling, drilling fluids are required to inject into drill string and spray out of drill bit nozzles and recirculate up the annulus between the drill string and the well hole, to the well surface to perform various functions like cooling and lubricate the drill, removing cuttings from the hole, and suspending cuttings and weighting materials during stop of circulation [1].  In order to perform these functions, drilling fluids with high viscosity are desirable.  However, if viscosity is too high, friction may impede the circulation of the mud causing excessive pump pressure, decrease drilling rate, and hamper the solid removal equipment.  Therefore, it is important to design a suitable fluid rheology. Fluids with good pumpability and low viscosity at a high shear rate that create a higher viscosity at a low shear rate are advantageous for this application.  Commonly, additives such as clays, biopolymers like Xanthan gum, cellulose polymers or starch are well-suited for such high viscous and shear-thinning fluids and creating a filter cake on the borehole wall to control fluid loss.   Polymers are also added to reduce filtration, stabilize clays, flocculate drilled solids and increase cutting-carrying capacity. 

One disadvantage of polymeric additives and surfactants is their high costs and their degradations at HTHP leading to changes in the fluid rheological properties. According to the DOE Deep Trek program, a HTHP drilling operation is defined as one where the bore hole static temperature exceeds 350oF and the pressure is in excess of 25,000 psi.  However, as the depth of the drilling wells keeps increasing, more severe drilling conditions can be expected which may exceed 600oF temperature and 40,000 psi pressure.  Under such extreme conditions, fluid additives breakdown and do not work at all.  Additives’ physical properties and chemical reactivity are altered and serious problems drilling fluids generally undergo loss in properties and their functionalities.  This can lead to serious interruptions in the drilling operations and, sometimes, in the loss of a drilling well [3].  Hiller [4] studied the effects of applied pressure up to 8000 psi.  Annis [5] studied the rheology of aqueous muds at temperature up to 150o C and suggested that high temperature caused flocculation of bentonite muds, resulting in an increase of both the yield stress and viscosity at low shear rates.  He also reported that the time-dependent gel strength was mostly affected by elevated temperatures. Sinha [6] investigated water-based clay suspensions as well as oil-based muds using a falling-bob consistometer and suggested that, compared with oil-based muds and inverted emulsion muds, the equivalent viscosity of water-based muds was not affected to the same extent by the variation of temperature and pressure.  However, the effect of pressure on the equivalent viscosity of water-based-muds seemed to depend on the composition and the temperature of the system. He concluded that temperature was the dominating variable in the case of water-based muds.  Alderman et al. [7] measured the yield stresses for more complex drilling fluids and reported that the measured yield stresses were weakly dependent on temperature below a critical temperature (TR) and were essentially independent of pressure.  Above TR the yield stress increased rapidly with increasing temperature.  The addition of deflocculants decreased the gel structuring temperature of a mud.  The application of high pressure seemed to have practically no effect on the plastic viscosity of a deflocculated mud at low temperatures.  However, at high temperature (above TR) the effect of pressure became significant.

In this work, we report our preliminary studies on the application of nanoparticles for maintaining viscosity of drilling fluids at high temperature and high pressure.  Since clays are commonly used as viscosifier and rheology modifier for many aqueous systems and fillers for composite materials, we used aqueous laponite suspensions and looked at the effects of various nanoparticles on the suspensions viscosity.  Laponite is a synthetic sodium magnesium silicate clay.  It has an empirical formula given by Na+0.7[Si8Mg5.5Li0.3O20(OH)4]-0.7. The laponite crystals have a disk shape.  The disks have a diameter of about 25 nm and a thickness of about 0.92 nm.  When laponite is dispersed in water the sodium ions are released and the laponite disks have a strong negative face charge and the edge charge depends on the acid-base behavior of the Si-OH and Mg-OH amphoteric hydroxyl groups, which are the main species on the edge.  Below pH 9, the magnesium ions dissolve in the solution and above pH 10, the dissolution of silica occurs.  In water these disks are stabilized by electrostatic repulsive between the negatively charged faces.  At low concentration (<2% by weight) aqueous laponite suspensions are in the liquid phase with laponite disks that are closely spaced and separated by a few water layers [8].  Such a structure can be altered, however, by adding salt or nanoparticles.  Nano-scale particles display unusual surface morphologies and high surface reactivity due to large surface area (500 m2/g) and high concentration of atoms on the surface (>40%).  When these nanomaterials are added to the clay suspensions they will pseudo-crosslink with the laponite disks through electrostatic and van der Walls forces.  As a result, a stronger dynamic network of space-filled structure is formed and a sol-gel transition is induced. Since the fluid plastic viscosity and the yield point depend on the interparticle electrostatic and van der Walls forces which depend significantly on the particle size, shape, and interparticle distance, a sol-gel formation due to these forces will have its properties stabilized and blocks fluid flow through porous media at high temperature.
2. Experimental Apparatus


To prepare fluid samples for the present study we used laser ablation in liquid to ablate a metal target submerged in aqueous laponite suspensions.  Laser ablation in liquid has been considered as an attractive technique for the preparation of nanoparticles and nanomaterial fabrications. What happens is that when a high-power laser beam is focused onto a solid target for an appropriate time the solid at the focal point is heated, melted, vaporized, and ionized rapidly.  As a result, a plume of highly excited metal atoms is formed and expands violently into the surrounding liquid where these exited atoms interact with each others and with the liquid molecules generating solid clusters which are subsequently subcooled by the liquid.


Laponite suspensions were prepared by simply mixing laponite powder with deionized water (DW) and stirred for 24 hours before using a magnetic stirrer.  Laser ablation of Co, Ni, Cu, and Zn targets in the prepared aqueous laponite suspension was carried out using a laser beam of fluence of 0.265 J/cm2 generated by a single-mode, Q-switched Nd-Yag laser operating at 1064 nm with a pulse duration of 5.5 ns and 10 Hz repetition rate.  The laser beam was aligned horizontally10 mm below the liquid surface, and it was focused on the metal target using a 75 mm focal-length lens.  All metal samples (25 x 25 mm and 1 mm thick) with 99.99% purity were purchased from Alfa Aesar.  All metal samples had smooth surfaces and were used as received.


Colloidal suspensions were obtained and carefully sampled rheological properties measurements.    Viscosity measurements were performed using a Brookfield DV-II Pro Viscometer with a small sample adapter (SSA18/13RPY).  The adapter consisted of a cylindrical sample holder, a water jacket and spindle.  The viscometer drives the spindle immersed into the sample holder containing the test fluid sample.  The viscometer can provide a rotational speed that can be controlled to vary from 10 to 200 rpm yielding the shear rate from 13.2 to 264 1/s.  It measures viscosity by measuring the viscous drag of the fluid against the spindle when it rotates.  The water jacket is connected to a refrigerated circulating water bath (TC-502, Brookfield) that controls the water temperature from -20 to 150 C.  The sample holder can hold a small sample volume up to 15 mL and the temperature of the test sample is monitored by a temperature sensor embedded into the sample holder. 

3. Results and Discussions

Aqueous suspension of 1% by weight laponite remained its liquid phase even though it was let at rest for several weeks.  Its viscosity was too low to be measurable using the present viscometer.  When metal nanoparticles were ablated in it, even with a small amount of nanoparticles, the suspension became highly viscous and it was gelled when it was left at rest and it became liquid when it was shaken.  Typical samples prepared this way are shown in Fig. 1.  It is that the electrostatic, both van der Waals attractive and electrostatic repulsive forces between the laponite disks exist in a laponite suspension system.  In nanoparticle-free DW, electrostatics repulsive particle interactions between the negatively charged faces dominate the system behavior.  When Co, Cu, or Ni are ablated in the suspension, the ablated cation ions can replace the dissolved sodium ions to shield the negative charge faces and reduce their negativity, both van der Waals and electrostatic attractive forces become dominant and attractive gels can be set up. 


[image: image2]
Figure 1. Typical Nanofluids prepared by laser ablation, (A: 0.05% Co+DW+1% laponite; B: 0.02%Ni+DW+1% Laponite)

To measure the prepared suspension viscosity we used the viscometer described above.  It is noted that, since rheological properties of a thixotropic sample material depend not only on its strength but also the shear rate and the shearing time, the measured values of these properties will depend on how the sample is loaded into a viscometer and how long it is left at rest before shearing.   Thus, to obtain similar initial conditions for all measurements we first shook to liquefy the suspension so that it could be loaded into the viscometer sample holder using a pipette.   We then sheared the test sample with a high and constant shear rate until its viscosity was steady out at a constant value.  We then switched off the viscometer and allowed the test sample to rest for one hour before measuring.  The rest time of one hour here is just arbitrary.  Due to the differences in the material, material concentration, each sample will behave differently in terms of its time dependent thixotopic properties.  The one hour rest time here is enough for the materials regain some strength after shearing. 
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Figure 2. Viscosities of laponite suspensions with different metal nanoparticles; (DW+1% laponite by weight, 25o C)

Figure 2 shows the viscosities of laponite suspensions added with different metal nanoparticles.  The measured time was two continuous hours.  A shear rate of 56 1/s was used during the first hour and it was suddenly decreased to 5.6 1/s during the second hour.  As indicated in the figure, although the amounts of the added nanoparticles were small the viscosities of all the samples were several hundred times higher than that of the suspension with 1% laponite and without nanoparticles. The results observed for the shear rate of 56 1/s indicated that the viscosities of all suspensions behaved similarly, that is, they all decreased quickly and steady out just after about ten minutes of shearing.   For the shear rate of 5.6 1/s, however, the measured viscosities of laponite suspensions added with Cu or Co nanoparticles exhibited a mixed thixotropic behavior while a positive thixotropic bahavior was observed for the suspension added with Ni nanoparticles.  In addition, although the amount of the added Ni nanoparticles was the least, the measured viscosities of the suspensions containing Ni-exchanged laponite were comparable to those measured for suspensions containing either Co-exchanged or Cu-exchanged laponite.  Thus, the type of the exchanged ions also has a strong effect of the suspension viscosity.
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Figure  3 Effect of concentrations of Co nanoparticle and laponite of the viscosity of laponite suspensions containing Co nanoparticles

Figure 3 shows the effects of the concentrations of laponite and Co nanoparticles on the suspension viscosities.  For example, the viscosities of the suspension containing 0.048% Co nanoparticles and 0.5% laponite were stable at 27 cp and 170 when it was sheared at 56 1/s and 5.6 1/s respectively. For the same Co concentration and shear rates they increased to 84 cp and 512 cp when laponite concentration increased to 1%.  For the same laponite concentration, to increase Co concentration from 0.033% to 0.048%, the viscosities of the suspensions increased from 70 cp to 82 cp and from 470 cp to 512 cp when they were sheared at 56 1/s and 5.6 1/s, respectively. The effects observed here is due to the fact that Before the particles can bind together to form a strong space-filled network they need to overcome an energy barrier caused by the electrostatic repulsion between the faces.  The energy barrier decreases with increasing ionic strength which can be attained either by increasing the concentration of laponite concentration or added nanoparticles.  For both shear rates, the measured viscosities were significantly higher as the concentrations of either nanoparticles or laponite increased and the effect of the laponite concentration was more significant than that of the nanoparticles.  
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Figure 4. Effect of temperature on the viscosity of laponite suspensions added with xanthan gum and Co nanoparticles.

In Fig. 4 we report the effects of temperature on the viscosities of laponite-xanthan suspensions with and without Co nanoparticles.  The combined laponite-xanthan suspensions were prepared by simply mixing 0.1% a xanthan (by weight) and 1% laponite (by weight) with DW and the solution was stirred continuously for 24 hours using a magnetic stirrer.  The suspension containing Co nanoparticles was prepared by ablating a Co metal target submerged in the prepared laponite-xanthan suspension for a duration of about one hour. These viscosities were measured at a constant shear rate of 56 1/s for a duration of 45 minutes.   In general, the viscosities of the suspensions exhibited similar behaviors, that is, they decreased rapidly and steady out at certain constant values after about 10 minutes. At 25 oC, the steady viscosity of laponite suspension containing 0.1% xanthan gum (by weight) was about 120 cp which was about 20 cp lower than that obtained for the suspension with 0.1% xanthan and 0.02% Co.  At 75 oC, the steady viscosity of laponite suspension containing 0.1% xanthan gum was about one third of its value measured at 25 oC while those measured for the suspensions containing Co nanoparticles remained stably at about 110 cp. 
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Figure 5. Effect of temperature on the viscosity of laponite suspension added with Co nanoparticles

The ability of nanoparticles to stabilize viscosity of laponite suspensions at high temperature is also demonstrated in Fig. 5 where the viscosities of laponite suspensions added with 0.033% (by weight) Co nanoparticles measured at 25o and 75o C were reported.  Thus, fluids containing a small amount of nanoparticles exhibit not only excellent shear-thinning behavior but also stable rheological properties at high temperature.  Such the ability can be studied in terms of the strength of the particle interactions.  Generally, the yield stress can be expressed being proportional to the number of particle contacts per area and the particle interaction potential as [9, 10]
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(3)

In these equations, ( is the particle volume fraction, a is the particle diameter, d in the inter-particle distance at minimum interaction potential, and (vdW is the van der Waals potential and (e is the electrostatic potential, ( is the dielectric of the medium, (o is the permittivity of free space, ( is the zeta potential, h is the Planck constant, k is the Boltzmann constant, ve is the frequency of electron cloud oscillations, n is the refractive index, and ( is the Debye length.  From these equations, it is clear that the particle interaction potentials depend weakly on temperature and strongly on many physical parameters such the particle size, concentration, and the inter-particle distance.  Thus, a suspension system that is governed by these interaction potentials would have its mechanical properties stable at high temperature.

4. Conclusions

We have conducted a study on the use of nanoparticles for maintaining rheological properties of laponite suspensions at high temperature.  For this study, Co-exchanged laponite, Ni-exchanged laponite, and Cu-exchanged laponite suspensions were synthesized using the laser ablation in liquid technique.  The results indicated that the viscosities of these cation-exchanged laponite suspensions were stable at high temperature.  Such the ability can be attributed to the particle interaction potentials which depend weakly on temperature but strongly on the concentration of the added nanoparticles.   Thus, a suspension system that is governed by these interaction potentials would have its mechanical properties stable at high temperature.
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