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Abstract

An increasing number of wells utilize unconventional completions which require high density suspension fluids.  In many cases the preferred methodologies are not always practical and fluids with large solids loadings have to be utilized when running or suspending these specialist completions.  When deciding on the completion fluid design certain issues have to be addressed including the potential for formation damage and ability to back-flow through screens.   A growing number of completions that have been through a comprehensive design and fluid evaluation process are failing to meet productivity expectations and there has been considerable suspicion that physical properties of suspension fluids can change over time while under down-hole conditions.  This paper presents information that may explain why some of these completions are under-performing due to these changes.  A comprehensive laboratory investigation was initiated into the behaviour of invert emulsion suspension fluids with regards to particle agglomeration when left static at elevated temperature and pressure.  It has been observed that the particle size distribution of a fluid will change over time and this can be a major problem when the fluid is attempted to be back-flowed through screens upon the start up of production.  Laboratory analysis and field examples discussed in this paper will also show how this condition can be corrected to avoid partially or completely plugging screens that need to be suspended before production is initiated.  In the case of screen plugging and agglomeration of particles, size definitely matters.

Introduction

Agglomeration is the phenomenon whereby smaller particles bind together to form larger particles.  There are a number of mechanisms for agglomeration to occur the most common of which include Brownian, Gravitational, Shape Factors, Turbulent and Electrostatic (Allen et al1).  There are two operational problems that are caused by agglomeration of drilling fluid particles.  Firstly, increasing particle size distribution (PSD) could result in particles becoming too large to be able to back flow through screens and unless protocols are put in place to minimize or reverse the effects of agglomeration, production can be impaired. The second issue associated with particle agglomeration is the undesirable sedimentation of weighting material and other solids commonly referred to as sag. The main mechanism of agglomeration is dependent on a number of factors including base fluid type, well geometry, bottom-hole temperature and pressure and the type of solids present in the fluid including clays and other minerals from the formation.  One mechanism important in drilling fluids is gravitational agglomeration, where clusters of particles can grow when slowly settling smaller particles are captured by the more rapidly settling larger particles.  The velocity at which particles settle is governed by Stokes’ law and as particles agglomerate and become larger they will tend to fall faster.  Gravitational agglomeration will be more problematic in vertical wells than in horizontal sections due to the increased length of fall before the particle is stopped by a surface such as the well bore.  Previous studies (Allen et al1) have found that the agglomeration rate can be dependent on the morphology and/or surface chemistry of the particles. An example of the difference in shape and crystal structure can be seen of two commonly used weighting materials when the photographs in (Figures 1 and 2) are compared. Variations in the electrostatic properties of the minerals and differences in the Van der Waals forces involved may also affect agglomeration rate. 

Additionally, in an oil-based mud which is usually a brine in oil emulsion the stability of the emulsion will affect the agglomeration.  This may be particularly significant under HTHP conditions where the stability of the emulsifiers may be compromised leading to coalescence of brine droplets and capillary bridging effects.  An oil based mud contains a mixture of two phases, which the oil continuous and brine internal.  In such a system the brine can separate from out of the emulsion and become stabilized by the presence of surfaces such as those found on solid particles thereby reducing the free energy present in the system. When this occurs it can form a bridge connecting two or more particles leading to their agglomeration.  

This paper aims to study the effect of ageing of oil-based mud samples on their particle size distribution.   The first part of this paper describes the effects of ageing on laboratory mud samples contaminated with simulated drill solids.  This is followed by two examples of field muds that have also been aged.   Some recommended practices to reduce the effects of agglomeration are discussed followed by an example of these procedures being put into place.

Laboratory Test Method and Results:
Laboratory Fluids

To assess the extent of agglomeration, a series of samples of test fluid were contaminated with drill solids, sealed in aging cells pressurised at 100 psi and placed in an upright position at elevated temperature for a period of 8 weeks.  At weekly intervals the cell was removed from the oven, depressurized without the contents being disturbed and tested for sag.  The volume of free oil that had collected on top of the mud was measured.  The very top surface of the fluid was then mixed gently in the cell before removing 10 ml to determine the density.   Enough fluid was then removed in order to reach the middle of the cell where again it was gently stirred and 10 ml removed to measure density.  This was repeated at the bottom of the cell.  This allowed the determination of the static sag factor which indirectly gives a measure of the sedimentation of particles although this will give no indication of the degree of agglomeration.  The sag factor over the two month period showed little variation to indicate that sag was minimal.  Samples from each section of the cell were kept aside for Particle Size Analysis using a Malvern Mastersizer 2000 in order to determine whether the particle size increased throughout the different levels of the aging cell and also over the 8 week test period. The Malvern Mastersizer 2000 is designed to measure the distribution of different sized particles within a sample.  Three consecutive measurements were taken of each sample, with the results averaged.  All samples were measured in dipropyleneglycol-monomethylether (DPM) solvent.
The Reservoir Drill In Fluid (RDIF) that was first investigated for agglomeration contained only CaCO3 as the weighting particle and was a fresh laboratory fluid with simulated drill solids added.   This fluid was formulated using the procedure outlined in paper AADE-08-DF-HO-05 (Vickers et al1).  The static age tests found no evidence of agglomeration with the PSD remaining constant for the first 6 weeks only beginning to increase after 7 and continued to increase in the 8 weeks sample (figure 3).  A possible explanation for this phenomenon could be changes in the emulsion stability giving rise to capillary pressure agglomeration. Further studies are on-going to evaluate this possible mechanism to see if more stable emulsions can be created to minimize agglomeration.  This may be at the expense of an increased risk of formation damage caused by a higher emulsifier concentration.

Field Example 1(source Southern North Sea UK)
Three samples of field RDIF with the same formulation as that used for the above laboratory tests, were selected for thorough investigation. Samples were stored under ambient conditions and PSD was measured after a period of 1 month and then again after 5 months. All the samples utilized the same formulation. The samples were taken before drilling the section commenced, and after drilling to a depth of 659 and 1005 feet.  Obviously the degree of contamination with drilled solids would be expected to have increased with depth drilled and the study was to determine the impact of drill solid contamination on the PSD of the fluids. As the section was drilled some of the Calcium Carbonate would be lost at the surface solids control equipment, and some would be ground down to a smaller size.  Figure 4 shows the particle size measured in microns, expressed as the d90 value for each of the three mud samples after 1 and 5 months.  The mud samples used for the PSD were taken from the bottom of the container as a “worst case” example by sampling from where the most agglomerated particles would be present.  It can be clearly seen from the data that the initial mud, i.e. no drilled solids had minimal change in particle size between 1 and 5 months with the d90 value going from 28 to 31 micron.  The same was not true of the muds that had been used for drilling, with an apparent increase in agglomeration with depth drilled with the d90 value increasing from 30 to 42 and 30 to 49 microns for the 659 ft and 1005 ft muds respectively.  

Field Example 2 (source West Africa, offshore Nigeria)

A second field example compares two muds used to drill the same well (figure 5).  The first was barite-weighted and used to drill the 8.5” section and the second was all-calcium carbonate weighted, used to drill the 6” reservoir section. As in the previous field example, the muds were stored under ambient conditions, and samples were taken for particle size measurements after 1 month and then again after 6 months.  Samples were recovered from the bottom of the containers with minimal disturbance to avoid breaking up any agglomerated particles.  As with the previous example the particle size distribution increased after storage with the 8.5” mud going from 88 to 141 microns and the 6” mud going from 43 to 105 microns.  This represents a 60% increase in the d90 value for the barite weighted mud and a 140% increase for the all calcium carbonate fluid.    

From the results it can be seen that different particles in the fluids tend to agglomerate at different rates. The   initial fluid prior to drilling from field example 1 showed very little evidence of agglomeration. The fluids that had been used to drill to 659ft and 1005 ft showed increasing amounts of agglomeration. This would indicate that the drill solids have a significant effect on increasing the degree of agglomeration over time in an all CaCO3 system.  A number of studies have highlighted the importance of the volume fraction of solids on the formation of aggregated particles (Allain et al3).  For two fluids of the same density the one with all calcium carbonate as weighting material will have a greater packing density of solids than one weighted with barite due to the difference in specific gravity of the two minerals, 2.7 and 4.2 S.G. respectively.  The addition of drilled solids will compound the solids crowding of the fluid and lead to an increased degree of agglomeration.

The mechanism of agglomeration can be weak and will be easily broken by mechanical agitation as experienced in a laboratory mixer.  The type of solvent used in the PSD analysis can also influence the bonding between the particles in the cluster. Care was needed when taking samples from these stored fluids to avoid severe agitation, and also to make sure the results were representative of the conditions throughout the fluid. Test samples were taken from the whole fluid after it was manually agitated. These results did not show a large deviation in PSD of the solids in the mud when compared to a sample taken from the original non-agitated sample. This ensured we were recording a true agglomeration of all the solids in the fluid and the effect we were measuring was not due to stratification.   

Reducing Risk of Agglomeration

The best way to avoid the problems associated with particle agglomeration is to not leave solids-laden fluids suspended in the well. This can be achieved by bringing the well on to production straight away after completion; however this is not always possible due to various field constraints. If the well has to be suspended the recommended practice would be to displace the RDIF to a solids-free fluid, this can be done in both oil and water based systems.  An oil based solids free system can use a high density CaBr2 internal phase to achieve the required mud weight and a water based system be made with the appropriate weighted brine as a base fluid.  Both systems contain most of the same chemical constituents as the weighted equivalent of the fluids but without the solids.  Another option for both systems is to displace to the appropriately weighted brine with a surfactant added to avoid emulsions from forming.  Ideally, best practice would be to suspend the well in a solids free system and to deploy a post treatment to effectively remove the filter cake and disperse any agglomerated solids. For water based systems a brine containing enzymes to destroy the polymers and an in-situ acid generating chemical to dissolve Calcium Carbonate is the optimal fluid to leave the well suspended in (Harris et al4). The fluid does not contain solids and will remove the filter cake over the suspension time allowing for optimal production when the well is brought online. For oil based systems a Mesophase post treatment can be applied. 

If a well is to be suspended with an oil based fluid for an extended period of time there is obviously a concern that the calcium carbonate bridging particles may agglomerate and could block the screens when back flowed.  One method to combat this uses a combination of a single-phase microemulsion (SPME) with an acid which allows complete destruction of the oil-based filter cake by removing the oil from the filter cake, reversing of the wettability of the filter cake solids, and simultaneously dissolving the acid-soluble particles (Quintero et al5 and 6) .  A key feature of the technology is that the blend of surfactants and other components are designed to have an interfacial free energy of nearly zero. This has the benefit that the oil-solubilisation process is spontaneous and requires no mechanical agitation.  Such a system is advantageous in applications where the use of jetting tools and brushes are not possible.  The SPME is designed to operate at the bottom hole temperature with brine being used to achieve the desired fluid density.  The formulation is optimized using a series of bottle tests which examine the phase stability and cleaning performance of the SPME.  In these tests, a certain volume of OBM is placed in a glass bottle, and the SPME is carefully added on top of the OBM.  These bottles are placed in an oven at a specified temperature to observe oil solubilization into the SPME and wettability changes of the solids with time.  A double-ended HPHT filtration cell was used to determine the efficiency of the soak solutions to destroy the filter cake.  For these tests a filter cake was built on an aloxite disk over a period of 3 hours with a differential pressure of 500 psi applied using bottled nitrogen.  The filter cake appearance before and after treatment with the SPME is shown in Figures 6 and 7.  This technology is a good choice for suspending wells drilled with oil based muds since it not only removes the filter cake it destroys any calcium carbonate bridging solids, thus negating the likelihood of screen blockages on flow back.   It can also be applied to completions where production is compromised due to screen blocking by oil-based mud residues.

Field Results

One example where our lessons were transferred to the field was a project in the Southern North Sea.  This well had an unconventional completion as it had two target reservoirs, one to the east and one to the west of the upper well-bore. The fields were relatively small and it considered economically attractive to drill both from the same vertical sections. Due to the risk of instability from large sections of shales, and also the length of the long horizontal sections, the drilling team were strongly in favour of using an oil-based drilling fluid.  This fluid was formulated using the procedure outlined in paper AADE-08-DF-HO-05 (Vickers et al1).  Well construction would require the first lateral in the west leg to be suspended and a whipstock placed above a sand screen completion. The positioning of this whipstock made it impractical to apply a clean up or remediation of the first lateral after it was set. However, since the well was planned to be suspended in an oil-based RDIF for several months a remediation treatment was a possible requirement due to the combined risk of agglomeration and formation damage.  Return permeability testing was carried out and indicated that long term exposure to oil-based RDIF reduced the well productivity. Therefore a different suspension fluid was required for the first leg that would remove the need for any post-remediation, and if possible guarantee or enhance well productivity. After the lower completion was run in the first leg the well was displaced to NaBr brine treated to form an SPME when in contact with an oil-based mud filter cake. After running the whipstock the east leg was then drilled with the same mud and its lower completion was run and the open hole displaced to a similarly formulated completion fluid as used in the Western leg. The well production was predicted to be in the region of 50,000 mscfd. The first leg produced 60,000 mscfd and the second leg raised the production rate flowed to 80,000 mscfd. This maximum rate was the limit of the production equipment. All these results are indication of an excellent and efficient reservoir clean up by the SPME post treatment, with the gas production rate far exceeding the predicted maximum from the undamaged reservoir. 

Conclusions

The data discussed in this paper shows that the risk of particle agglomeration in oil-based RDIFs is high if the fluids are left in static conditions over an extended period of time. In the worst cases this may block down-hole completion screens, increase the risk of sag and potentially reduce well productivity.  The paper makes the following conclusions:

· Agglomeration of solids occurs in oil based invert emulsions and can be measured in the laboratory.

· Agglomeration of particles is exasperated by the presence of drilled solids.

· Over a period of static ageing the PSD of the fluid changes with a large increase in the D90 value.

· Oil-wet mud solids can be dissolved and dispersed using a SPME post treatment thus avoiding the risks associated with agglomeration in the field.   
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Nomenclature

RDIF
= Reservoir Drill-in Fluid



SEM
= Scanning Electron Microscope

PSD 
= Particle Size Distribution.


OBM
= Oil Based Mud 

WBM
= Water Based Mud

HPHT
= High Temperature High Pressure 

SPME
= Single Phase Microemulsion

MSCFD
= Thousand Standard Cubic Feet per Day 

D90
=
Distribution of particles the size at which 90% of the particles are smaller
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Figure 1: SEM Image of Sized Calcium Carbonate
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Figure 2: SEM Image of Barite
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Figure 3: PSD results of all CaCO3 RDIF contaminated with drill solids
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Figure 4: Three samples of oil-based mud taken at different depths and stored for 1 and 5 months before PSD measurement.
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Figure 5:  D90 value in microns of two samples of oil-based muds taken at different depths and stored for up 6 months.
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Figure 6:  Filter cake built from oil-based RDIF
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Figure 7:  Filter cake after 24 hour remediation with SPME.
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